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The sensitivity or resistance of host cells to bacterial toxins is often 
dependent on the presence or absence of cell surface toxin receptors required 
for the binding and subsequent downstream action of the toxin. Our laboratory 
has identified plasma membrane sphingomyelin (SM) to be important for VacA 
cell surface binding, direct VacA-SM interactions, and intracellular activity, 
suggesting that SM is a receptor for VacA. More recent work from our lab has 
identified three proximally located residues, R552, W603, and R647, each 
situated in a different flexible loop a series of flexible loops are aligned adjacently 
in a linear fashion along a single edge of the extended beta-helix structure of 
VacA. These residues were shown to facilitate VacA interactions with plasma 
membrane SM. Based on our earlier work, we predict that the residues 
comprising the SM binding site function to correctly orient VacA on the surface of 
cells. In addition, we hypothesized that residues within adjacent loops along the 
same ridge might be involved in additional contacts with the plasma membrane. 
To evaluate this hypothesis, we examined the consequences of removing each 
of the loops along the ridge, one at a time, on the toxin cellular activity. Using 
site-directed mutagenesis, we generated eleven individual mutant forms of VacA, 
each lacking one of the loops. The entire sequence of each loop was substituted, 
and the remaining beta strands were reconnected with a flexible linker containing 
the sequence Gly-Gly-Gly.  Among nine mutant VacA tested, six showed 
attenuation in toxin cellular activity, indicating that one or more residues in these 
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loops are important for VacA-mediated cellular activity. Our data also showed 
that mutants lacking six loops, individually, had similar VacA-SM direct 
interactions, suggesting that these loops were not important for SM binding 
activity of VacA. Furthermore, our studies showed that the lack of two of the six 
loops showed moderated reduction in VacA binding to the surface of cells. 
However, there were no loops that individually showed a drastic impact on the 
cellular binding. Our data suggest that multiple loops are involved in VacA cell 
surface binding rather than any single loop providing the most binding energy. 
Our studies suggest a model in which once VacA is bound onto the surface of 
the cells via R552, W603, and R647, several loops along the same ridge of the 
toxin bind to the surface of the cell and may contribute to increasing the binding 
energy of the toxin. The results of this study will provide the framework for 
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CHAPTER 1: INTRODUCTION 
 
1.1 Helicobacter pylori infection 
 
 Approximately 50% of the world population is infected with human gastric 
pathogen, Helicobacter pylori (H. pylori), a gram-negative, microaerophilic, spiral-
shaped bacterium (Figure 1.1) (Robin Warren, 1985, Jonathan W. Olson, 2002) 
with higher prevalence in developing countries (Providers, 1998). H. pylori are 
usually found in human stomach (Xiao QC, 1986) and are thought to have co-
evolved with the human species by overcoming the harsh, acidic environment of 
the stomach (Merrell, 2010).  
 Since the discovery in 1985, H. pylori has been studied extensively for 
their role in pathogenesis. Studies have shown that persistent H. pylori infection 
is associated with human gastric disease (Manuel Amieva, 2016, Marshall BJ, 
1985), such as gastric peptic ulcer, gastric GALT lymphoma (Blaser, 1995, 
Haruma et al., 2000, Parsonnet, 1991, Atherton, 2006), and gastric 
adenocarcinoma (Figure 1.2) (Parsonnet, 1994, Parsonnet, 1991, Webb, 1999, 
Blankfield, 2002). Consequently, the World Health Organization reported that 
gastric adenocarcinoma is the third-leading cause of deaths in 2012 with 723,000 
deaths (Organization, 2012). H. pylori is classified as a Class I carcinogen, 
making it the only bacterium directly attributed as a cause of cancer (Correa, 
1997, Vogiatzi, 2007). Therefore, it is important to understand the mechanism by 
which H. pylori survives in the harsh acidic environment in the human stomach 
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for their colonization and persistence, and the impact of H. pylori pathogenesis in 
gastric diseases.   
 
1.2 Vacuolating cytotoxin A of Helicobacter pylori 
 
 Persistent colonization of H. pylori is often mediated through the 
Vacuolating cytotoxin (VacA) (Figure 1.3), an important virulence factor that is 
linked with Helicobacter pylori-dependent human diseases (Leunk, 1988, Eaton, 
1989, Figura, 1989, Salama, 2001, Cover, 1989, Eaton, 1990). Human 
epidemiological studies have also shown that there is an association of VacA in 
gastric biopsy specimen of H. pylori-infected individuals with gastric ulcer (Figure 
1.2) (Van Doorn, 1998). H. pylori strains that express a more active form of VacA 
were shown to colonize in the stomach of piglets with a higher infection rate 
compared to H. pylori strains that express a less active form of VacA (Eaton, 
1989). The study also showed that H. pylori strains that show higher infection 
rates more virulent and were suggested to be correlated with H. pylori motility 
(Eaton, 1989). In animal studies, VacA induced recruitment of immune cells and 
damage in the stomach, suggesting that VacA is important for Hp pathogenesis 
(Winter, 2014). However, the detailed mechanism by which VacA induces gastric 






1.3 Intracellular action of VacA 
  
Upon the exposure to the culture broth of H. pylori or to the purified VacA 
from culture filtrate of H. pylori, VacA induces vacuolations in the cultured cells 
(Figures 1.4, 1.6) (Cover, 1990, Cover TL, 1992) by forming ion-conducting 
membrane channels (Czajkowsky, 1999, Francesco Tombola, 1999, Szabo I, 
1999, Iwamoto, 1999). Although the exact mechanism of VacA interactions with 
the plasma membrane is not well understood, it has been suggested that 
monomers of VacA insert into the membrane, and forms higher-ordered 
oligomeric structure that leads to the formation of membrane channel (Figure 1.5) 
(Szabo I, 1999, Iwamoto, 1999, Czajkowsky, 1999, Adrian, 2002). The release of 
ions and small molecules through the channel in the endocytic compartments 
that leads to the formation of vacuolations due to the osmotic swelling (Szabo I, 
1999, Morbiato, 2001, Rappuoli, 2001). VacA has also been shown to form a 
membrane channel in mitochondria membrane, disrupting mitochondrial 
membrane potential (Figure 1.6) (Willhite, 2003, Willhite, 2004). However, the 
exact mechanism of how VacA reaches to mitochondria is not fully understood. 
 
1.4 VacA alleles and the association of genotype in H. pylori infection 
  
 All H. pylori strains contain the vacA gene (Atherton, 1995). However, the 
secretion and activities of VacA from the different strains are highly varied 
(Leunk, 1988, Cover TL, 1992). The reason for these differences was shown as 
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the internal duplication, large deletion, one base pair insertion, and nonsense 
mutations in vacA alleles (Ito Y, 1998). Furthermore, the amino acid sequence 
analysis suggested that differences in vacA are also associated with vacA 
transcription and the levels of VacA toxin secretion (Forsyth MH, 1998). Previous 
studies also indicated that the sequence variations in vacA are associated with 
survival of H. pylori to adapt for the colonization in the harsh environment of the 
human stomach (Gangwer KA, 2010).  
 VacA alleles are divided mainly into two families based on the nucleotide 
sequences within the specific regions of vacA; s and m (Figure 1.5) (Atherton, 
1995). s-region encodes for the signaling sequence at the amino-terminus of 
VacA, and m-region encodes part of the p55 domain of VacA. s-region is further 
divided into two clusters s1 and s2 (Atherton, 1995). H. pylori strains expressing 
s1 allele forms vacuoles in intoxicated cells, while H. pylori strains expressing s2 
allele fails to form vacuoles (Atherton, 1995). Compare to s1 allele, s2 includes 
12 extra amino acids within the region, thereby inactivating the toxin (McClain, 
2001).  
 The middle region, m-region, is also divided into 2 clusters based on their 
sequence variations; m1 and m2 (Atherton, 1995). m-region that encodes part of 
the p55 domain of VacA, which is the toxin binding domain and will be discussed 
in the next section. m-region is thought to be associated with the toxin binding 
onto the different types of cells. Therefore, sequence diversity in m1 and m2 is 
linked to the cell type-specificity of VacA (Wang WC, 2001, Pagliaccia C, 1998).   
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 Previous epidemiologic studies showed that there are strong correlations 
between a specific allele and the occurrence of disease during H. pylori infection 
(Atherton, 1997a, Atherton, 1997b). Some alleles are associated with a higher 
risk of gastric diseases (Winter, 2014); vacA s1m1 alleles are shown to be the 
more toxic form of VacA and are associated with a higher risk of more severe 
gastric diseases such as gastric adenocarcinoma compared to vacA s2m2 
alleles, which is considered as a less toxic form of VacA (Atherton, 1995, Van 
Doorn, 1998).  
 
1.5 Properties of secreted VacA 
 
 vacA encodes 3864-base pair of protoxin (140 kDa), which undergoes 
proteolytic cleavage to cleave 33-amino acid at the amino-terminal signal 
sequence (Cover, 1994). Then, VacA is transported into the periplasmic space, 
where it is further processed, and an 88 kDa mature form of the toxin is secreted 
into the extracellular medium as a soluble protein (Cover, 1994, Cover TL, 1992). 
The passenger domain, the mature VacA, is secreted via the Type V secretion 
system or autotransporter (Fischer, 2001, Henderson, 2004, Cover, 2005). 
Similar to other passenger domain proteins, protoxin of VacA has features of 
autotransporter proteins, such as β-helix that allows the toxin to translocate out to 
the extracellular space, amino-terminal signal sequence, and two cysteine 
residues in the mature toxin (Fischer, 2001, Loveless BJ, 1997).  
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 VacA monomer consists of 2 domains, p33 and p55, which can result from 
proteolysis (Willhite, 2002, Torres, 2005, Telford JL, 1994, Ye D, 1999, Nguyen 
VQ, 2001). The p55 domain of VacA is primarily consisted of β-helix structure 
and is suggested to have an important role in the membrane binding (Torres, 
2005, Gangwer, 2007, Ivie, 2008). Though, the exact structure of p33 domain of 
VacA is not been fully elucidated, the low-resolution microscopy suggested that it 
is an extended β-helix structure (Gonzalez-Rivera, 2016), and is suggested to be 
important for the membrane channel formation by having a strong hydrophobic 
region at the amino-terminus (Figure 1.5) (de Bernard, 1998, Ye D, 2000, 
McClain, 2003, Vinion-Dubie, 1999). Although p33 domain is an active 
component of the toxin, both p33 and p55 domains are needed for VacA cellular 
activity (Ye D, 1999, Gonzalez-Rivera, 2010). 
  Monomeric forms of VacA can assemble into a higher-ordered oligomeric 
structure (Cover TL, 1992). Previous electron microscopy analysis showed that 
6-9 VacA monomers assembled into a petal-like structure, which can further be 
assembled into bilayer to form a higher oligomeric structure with 12-18 subunits 
(Czajkowsky, 1999, Cover, 1997, Adrian, 2002, Lupetti, 1996, Chambers, 2013). 
When VacA oligomers are exposed to acidic or alkaline conditions, it can 
disassemble into monomers, but they can assemble into higher-ordered 
oligomeric form when VacA monomers are exposed to neutral pH and has the 
central cavity that forms the membrane channels (Cover, 1997, Yahiro K, 1999, 
de Bernard M, 1995, Szabo I, 1999, El-Bez C, 2005). VacA amino acid residues 
49-57 and 346-347 were shown to be important for VacA assembly into the 
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oligomeric state by forming intramolecular interactions and intermolecular 
interactions between p33 and p55 domains, respectively (Ivie, 2008, Genisset, 
2006). Previous site-directed mutagenesis analysis showed that deletion of these 
residues failed to assemble higher-ordered oligomeric form and no vacuole 
biogenesis in the intoxicated cells (Ivie, 2008). However, the detailed molecular 
mechanism of how p33 and p55 domains interact is not well understood.   
 
1.6 VacA interactions with host cells surface 
 
 VacA is an intracellular acting exotoxin; therefore, to reach the intracellular 
target, VacA interaction with the plasma membrane of the cell surface is required 
for further VacA-mediated cellular consequences (Blanke, 2006). Previous 
studies demonstrated that VacA binds to the plasma membrane of host cells 
specifically through cell surface receptors (Ricci, 2000, McClain MS, 2000). On 
the surface of human-derived gastric epithelial cells, AZ-521, several receptor 
proteins, such as Receptor Protein Tyrosine Phosphatase α (RPTP- α), Receptor 
Protein Tyrosine Phosphatase β (RPTP-β), and low-density lipoprotein receptor-
related protein (LRP1), were shown to be interacting with VacA (Yahiro K, 1999, 
Yahiro K, 2003, Yahiro K, 2012). RPTP-β were also shown to be required for 
VacA cellular activity in murine model experiments (Fujikawa A, 2003).  
 An abundant plasma membrane sphingolipid, sphingomyelin (SM) was 
also shown to be important for cell sensitivity to VacA (Gupta, 2008, Gupta, 
2010). ELISA analysis showed that VacA preferentially binds to SM over the 
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other abundant plasma membrane phospholipids suggesting that SM is important 
for direct interactions with VacA (Gupta, 2008, Gupta, 2010). It was also 
demonstrated that SM is important for VacA binding to the cell surface and the 
subsequent downstream activity such as uptake and intracellular trafficking of the 
toxin (Gupta, 2010). Several studies showed that membrane lipid rafts, which 
mainly consist of SM (Pike, 2006, Brown, 2000), are important for VacA cellular 
activity (Patel, 2002, Schraw, 2002, Ricci, 2000, Gauthier, 2004) suggesting that 
SM plays an important role in VacA interaction with the cholesterol-rich lipid rafts 
(Gupta, 2008, Gupta, 2010). However, the exact mechanism of VacA binding and 
uptake via these receptors are not fully understood.  
 
1.7 Intracellular trafficking of VacA 
 
 Upon interaction with the receptor, VacA is taken up by cells via a cdc42-
dependent pinocytotic mechanism (Ricci, 2000, Gauthier NC, 2005, Gauthier NC, 
2006). VacA binding to the plasma membrane triggers the uptake of VacA into 
the glycosylphosphatidylinositol (GPI)-anchored protein-enriched endosomal 
compartments (GEECs), then moves to early endosomal compartments and late 
endosomes (Figure 1.6) (Gauthier, 2004, Gauthier, 2007). The mechanism of 
how VacA travels to an intracellular target, mitochondria is not clear, however, it 
was suggested that from intracellular trafficking vesicles, VacA directly can enter 
into the mitochondrial membrane and form membrane channels on the inner 
mitochondrial membrane leading to disruption of inner mitochondrial membrane 
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potential (Willhite, 2004, Domanska G, 2010, Foo, 2010, Calore, 2010). Changes 
in the mitochondrial membrane potential (ΔΨm) results a reduction in cellular ATP 
levels (Kimura M, 1999) and mitochondrial fragmentation (Jain, 2011). However, 
the exact role of VacA in the development of gastric diseases are not fully 
characterized.  
 
1.8 Gap in knowledge 
 
 Previous studies showed that an abundant plasma membrane 
sphingolipid, sphingomyelin (SM) is a receptor for VacA. Depletion or enrichment 
of SM on the surface of human-derived gastric epithelial cells resulted in 
decreased or increased VacA cellular activity, direct interactions between VacA 
and SM, and VacA binding to the surface of the cells (Gupta, 2008, Gupta, 
2010). Furthermore, the unpublished works from our laboratory identified three 
amino acids, R552, W603, and R647, of VacA, are important for VacA cellular 
activity, and direct interactions with SM (Oh SJ, unpublished). However, it also 
showed that approximately 50% of the VacA could bind to the plasma membrane 
in SM-independent, non-specific manner while the other 50% of VacA binds to 
the plasma membrane in SM-dependent manner, which is facilitated by the three 
functional residues (R552, W603, and R647) (Oh SJ, unpublished). However, the 
importance of VacA nonspecific binding on the cell membrane and its 
consequence in toxin cellular activity not fully understood. Therefore, the gap in 
knowledge to be addressed in my thesis is the molecular details underlying 
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VacA-cell membrane interactions required for toxin cell surface binding and 
cellular activity. 
 
1.9 Significance of the study 
 
The overall goal of the project is to characterize the interactions between 
the secreted VacA with the plasma membrane at the molecular level. The first 
contact between the toxin and host cells occurs at the plasma membrane of the 
host cells. Therefore, the completion of the study will provide fundamental 
knowledge for the development of pharmacological interventions for VacA-
medicated intoxication. Furthermore, understanding the VacA interaction on the 
plasma membrane will provide insights for studying the toxin-receptor 
interactions required for the cell sensitivity of the toxin, the role of non-specific 
















Figure 1.1. False-colored scanning electron microscopy image of 
Helicobacter pylori. Helical-shaped bacteria with flagella (source: Salama Lab, 


















Figure 1.2. H. pylori infection in the stomach. Gastric biopsy sample from a 


















Figure 1.3. Negative staining electron microscopy of VacA oligomer. Row 


















Figure 1.4. VacA induces vacuolation in intoxicated human-derived gastric 
epithelial cells. Light microscopy images of PBS-mock treated cells and cells 

















Figure 1.5. VacA structure. (A) Components of VacA monomer structure with 
amino acid residue numbers denoting each domain. Autotransporter region is 
cleaved to release mature form of VacA to the extracellular medium (B) 
Genotypes of vacA alleles (C) Structure of oligomeric state of VacA. Red 










Figure 1.6. Intracellular action of VacA. VacA induces vacuolations, 















CHAPTER 2: CHARACTERIZATION OF VACUOLATING CYTOTOXIN A OF 




 Helicobacter pylori (H. pylori) is gram-negative, microaerophilic bacterium 
that can colonize in human stomach and cause persistent infection (Marshall BJ, 
1985, Xiao QC, 1986, Dunn, 1997, Blaser, 1995). Approximately 50% of the 
world population is infected with H. pylori, and H. pylori infection is associated 
with high risks of gastric diseases such as gastritis, gastric ulcer, mucosa-
associated lymphoid tissue (MALT) lymphoma, and gastric adenocarcinoma 
(Cover, 1989, Eaton, 1990, Webb, 1999, Parsonnet, 1994, Suerbaum, 2002, 
Atherton, 2006). H. pylori are classified as Class I carcinogen as gastric 
adenocarcinoma is third-leading cancer cause of death in the world in 
2012(Organization, 2012). 
 A virulence factor of H. pylori is vacuolating cytotoxin (VacA) (Leunk, 
1988). Several epidemiological and animal studies showed that VacA is 
important in H. pylori colonization and pathogenesis (Salama, 2001, Eaton, 1989, 
Eaton, 1990, Winter, 2014). Studies also indicated a strong association between 
the degree of clinical symptoms and VacA alleles (Atherton, 1997a, Atherton, 
1995, Cover, 1994, Forsyth MH, 1998). Individuals infected with H. pylori 
expressing a more active form of VacA showed higher risks of gastric diseases 
(Atherton, 1997b, Telford JL, 1994, Atherton, 1995, de Bernard M, 1995). In 
epithelial cells, VacA causes vacuole formations, disruption in mitochondrial 
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membrane potentials, fragmentation of mitochondria, and cellular energy stress 
(Cover, 1997, Cover TL, 1992, Galmiche and Stephanette Contamin, 2000, 
Willhite, 2003, Willhite, 2004, Calore, 2010, Jain, 2011, Kim IJ, 2018).    
 Previous studies identified an abundant plasma membrane sphingolipid, 
sphingomyelin (SM) as a receptor for VacA (Gupta, 2008, Gupta, 2010). SM is 
largely found on the exoplasmic leaflet of plasma membrane forming a lipid 
microdomain known as membrane raft and provides a structural role on the cells 
(Simons, 1997). It also demonstrated that the depletion of SM resulted in loss of 
VacA binding on the detergent-resistant membranes (DMRs), where SM is found 
the most abundant on the surface of the cells but not on non-DRMs suggesting 
that VacA binding to the surface of the cells is complex and that there are 
specific and non-specific components (Gupta, 2008, Gupta, 2010). 
 Crystal structure of the p55 fragment of VacA has been solved in 2007 
(Gangwer, 2007). The p55 fragment is right-handed parallel β-helix (~65 Å) with 
a globular domain at carboxyl-terminus composed of a mixture of α and β 
secondary structures. Individual β-sheets are connected by several loops with 
different lengths and amino acid components (Gangwer, 2007).  
 Unpublished data from our laboratory showed that VacA amino acids 
R552, W603, and R647, located on the loops, close proximity to each other, are 
important for VacA activity (Oh SJ, unpublished). When the three residues were 
substituted to alanine and made triplet mutant, (VacA (R552A/W603A/R647A), it 
showed significant attenuation in VacA cellular activity and direct interaction with 
SM. However, at high concentrations of the triple mutant, the toxin cellular 
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activity is restored suggesting that the toxin has lower binding affinity to 
sphingomyelin compared to the wild type. Moreover, although the triple mutant 
showed a significant reduction in toxin cellular binding activity, the overall 
reduction was only approximately 50%. The study further showed that the three 
functional residues are important for VacA binding to the lipid raft, which is 
facilitated by SM-dependent cell surface binding of VacA (Oh SJ, unpublished). 
However, the importance of SM-independent binding of VacA is still not well 
understood. Furthermore, previous electron microscopy analysis showed that a 
large surface of VacA is in contact with cell surface or lipid bilayer (Pyburn TM, 
2016, Czajkowsky, 1999) suggesting that VacA binding to the cell surface may 
not be limited to these three functional residues. In addition, the area of VacA 
that was shown to be interacting with the cell surface is characterized by a series 
of loops, including the loops that contain the three functional residues. 
 Considering 50% of VacA cellular binding consists of non-specific 
interactions of VacA with plasma membrane as well as the large interface 
between VacA and surface of cells, further molecular characterization of VacA-
cell surface binding is needed to evaluate the role, if any, of SM-independent 
binding of VacA. Therefore, the hypothesis to be addressed in this study is VacA 
binding to the surface of cells will be facilitated by the multiple interactions of the 
series of flexible loops on the ridge of VacA. To test the hypothesis, further site-
directed mutagenesis analysis was conducted to evaluate the importance of the 
loops and to provide a complete understanding of the VacA cell surface binding 
required for the toxin cellular activity. 
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2.2 Materials and methods 
 
Bacterial strains and growth conditions 
 
H. pylori 60190 (49503; ATCC, Manassas, VA) were grown on 1.5% agar 
plates with Ham’s F-12 media supplemented with 5% fetal bovine serum, FBS, 
(Atlanta Biologicals Inc., Flowery Branch, GA) under biphasic, microaerophilic 
(5% CO2 and 10% O2) condition at 37⁰C, in a humidified condition in bisulfite- 
and sulfite-free Brucella broth (BSFB) (dextrose; 0.1%, β-cyclodextrin; 0.2%, 
NaCl; 0.5%, Sigma-Aldrich, St. Louis, MO., tryptone; 1%, peptone; 1%, yeast 
extract; 0.2%, BD Biosciences, Sparks, MD) containing vancomycin (5 μg/ml; 
Sigma-Aldrich, St. Louis, MO) (Murano A, 1999). For H. pylori vm022 (∆vacA) 
strains that were generated from site-directed mutagenesis of vacA (Table 2.2), 
H. pylori were cultured on Columbia blood agar (CBA) plates supplemented with 
H. pylori selective supplement (vancomycin (10 μg/ml; Oxoid, Hampshire, UK), 
trimethoprim (5 μg/ml; Oxoid), cefsulodin (5 μg/ml; Oxoid), amphotericin B (5 
μg/ml; Oxoid)), kanamycin (30 μg/ml; Sigma-Aldrich, MO), and 10% defibrinated 
sheep blood (Hemostat Laboratories, Dixon, CA) at 37 ⁰C under microaerophilic 
(5% CO2 and 10% O2), humidified condition. For the selection of H. pylori 
transformants, the CBA plates supplemented with sucrose (100mg/ml; Sigma-





Computational model of VacA-SM interactions  
 
 MD simulation of VacA was performed in a 90 Å  90 Å  130 Å 
rectangular cube (106,450 atoms total) in which the p55 domain of VacA 
solvated with 32,674 TIP3P water molecules, neutralized and ionized with 200 
mM NaCl. The VacA structure was obtained from PDB entry 2QV3 resolved by 
X-ray crystallography at 2.4 Å resolution (Gangwer, 2007). The solvated and 
ionized VacA complex was equilibrated for 20 ns to allow for the relaxation of the 
crystal structure under the simulation condition. 
 The simulation was performed using the NAMD2 program (Phillips et al., 
2005) with the integration time of 2 fs with periodic boundary condition. It was at 
310 K maintained by Langevin dynamics with a damping coefficient of 1 ps-1 and 
1 atm maintained by the Nose-Hoover Langevin piston method (Martyna et al., 
1994, Feller et al., 1995) with a piston period of 200 fs. All bonds involving 
hydrogen atoms were kept rigid using the SHAKE algorithm (Ryckaert et al., 
1977). The particle mesh Ewald method (Darden et al., 1993) was used to 
evaluate long-range electrostatic interactions, and the cutoff for van der Waals 
interactions was set at 12Å. The simulated atoms were described by the 
CHARMM36 force field parameter sets (Best et al., 2012, Vanommeslaeghe et 
al., 2010, MacKerell et al., 1998). 
 Phosphatidylcholine (PC) was used as the molecule for identifying 
potential binding sites of sphingomyelin, which contains a phosphorylcholine 
head group. To expedite the probing, 50 PC molecules were added to the 20-ns 
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equilibrated VacA complex. The PC-VacA complex was simulated for 250 ns. 
The simulated trajectory, comprising 25,000 frames, was analyzed by the VMD’s 
VolMap plugin to determine the binding sites of PC molecules. The PC molecules 
were considered to bind the protein if they were within 5Å of the protein. The 
method was kindly provided by Dr. Seung J. Oh. 
 
Computational model of VacA and plasma membrane interactions 
 
Membrane preparation is previously described (Vermaas JV, 2014). 
Briefly, the highly mobile membrane-mimetic (HMMM) model was constructed by 
placing two leaflets of divaleryl-phosphatidylecholine (DVPC), each composed of 
1188 lipids and solvated by water at an ~43:1 water/lipid ratio was simulated. The 
DVPC molecules were generated by shortening the lipid tails of a palmitoyl-
oleoyl-phosphatidylcholine (POPC) molecules to only five carbons (Baylon, 
2015). The HMMM membrane was assembled with Packmol, employing a DCLE 
box with dimensions of 65 Å x 65 Å X 72 Å. The resulting structure was then 
solvated using the SOLVATE plugin of VMD, resulting in a system with ~23000 
atoms. The solvated membrane system was energy minimized and simulated for 
two ns, using an NPnAT ensemble at 1.0 atm and 310 K and with a time step of 2 
fs. Constant pressure was maintained by using the Nosé-Hoover Langevin piston 
method, and the constant temperature was maintained by Langevin dynamics 
with a damping coefficient  of 0.5 ps-1 applied to all atoms. The resulting 
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membrane was then employed in the subsequent VacA-membrane binding 
simulations. 
The p55 domain of VacA was solvated with 32,674 TIP3P water 
molecules, neutralized and ionized with 200 mM NaCl. The VacA structure was 
obtained from PDB entry 2QV3 resolved by X-ray crystallography at 2.4 Å 
resolution (Gangwer, 2007). The solvated and ionized VacA complex was 
equilibrated for 20 ns to allow for the relaxation of the crystal structure under the 
simulation condition.  
 VacA (residues 355 - 811; PDB: 2QV3), after solvation and ionization, was 
added to a highly mobile membrane-mimetic (HMMM) model, which was 
constructed by placing two leaflets of divaleryl-phosphatidylcholine (DVPC). 
VacA is initially placed where its center of mass (COM) is positioned 20 - 28 Å 
above the phosphorus plane of the leaflet that faces VacA, without contacting the 
model membrane. The VacA - membrane systems consisted of a rectangular 
cube with dimensions of 65 Å x 65 Å X 72 Å. The systems were energy-
minimized for initial 50 ps and simulated for 375 ns using NAMD2, utilizing the 
CHARMM27 force field with CMAP corrections for proteins and CHARMM36 
parameters for lipids. Three independent simulations were performed (n =3). All 
the HMMM simulations were performed in NPnAT ensembles at 1.0 atm and 310 
K and with a time step of 2 fs. Constant pressure was maintained by using the 
Nosé-Hoover Langevin piston method, and the constant temperature was 
maintained by Langevin dynamics with a damping coefficient g of 0.5 ps-1 
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applied to all atoms. The one successful simulation was analyzed and visualized 
using VMD. The method was kindly provided by Dr. Seung J. Oh. 
 
DNA manipulation and plasmid construction 
 
H. pylori 60190 was grown on Ham’s F-12 media agar plates 
supplemented with FBS and vancomycin as described above. The culture was 
centrifuged at 6,000g, for 5min, and genomic DNA was isolated from the 
bacterial pellet using Wizard genomic DNA purification kit (Promega Corp., 
Madison, WI). vacA gene (4513-bp) was amplified from the genomic DNA using 
the oligonucleotides, BamHI-vacA-F (5 ́-CGCGCGGATCCAACTGCTTGGCATC-
GGG-3 ́) and vacA-BamHI-R (5 ́- GCGCGCGGATCCATTTCAAACCCATGCTTT-
GAGC-3 ́) (IDTDNA, Coralville, IA using polymerase chain reaction (PCR). The 
PCR product of the amplified vacA gene was digested with BamHI followed by 
ligation into the plasmid, pHel2, which contains chloramphenicol resistance gene, 
and had been digested with BglII (Heuermann, 1998), (kindly gifted by Dr. Ritesh 
Kumar, the University of Illinois at Urbana- Champaign, IL), to generate vacA 
gene containing plasmid, named pHel2-vacA. Alteration of vacA gene on pHel2-
vacA was performed with the QuikChange site-directed mutagenesis kit 
(Strategene, San Diego, CA) using the oligonucleotides listed in Table 2.4.5. The 
mutated vacA genes were sequenced using at the Roy J. Carver Biotechnology 
Center at the University of Illinois at Urbana-Champaign using Sanger 
sequencing, and the DNA sequences of mutant VacA were translated to amino 
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acid sequences using ExPasy translation tool (https://web.expasy.org/translate/). 
Amino acid sequences of mutant VacA were aligned with wildtype VacA amino 
acid sequence using protein BLAST of NIH 
(https://blast.ncbi.nlm.nih.gov/Blast.cgi). 
 
Site-directed mutagenesis on vacA gene of H. pylori by allergic-exchange 
strategy 
 
The mutated gene sequences were introduced into a plasmid containing 
vacA (pHel2-vacA) using PCR based mutagenesis using primers listed in Table 
2.3. Calcium chloride competent E. coli DH5-α (Cell Media Facility, University of 
Illinois at Urbana-Champaign) were transformed with PCR amplified plasmids 
using heat shock. The amplified plasmids were isolated from E. coli (Qiagen 
miniprep kit), and the integrity of the entire vacA gene sequence was confirmed 
by DNA sequencing. pHel2-vacA and its variant plasmids are listed in Table 2.4. 
Naturally competent H. pylori 60190 (vacA-)(Vinion-Dubie, 1999), in which vacA 
was replaced by homologous recombination with a kanR-sacB cassette (Israel 
DA, 2000, Copass, 1997), were grown on fresh blood agar plates supplemented 
with H. pylori selective supplement (vancomycin (10 μg/ml; Oxoid, Hampshire, 
UK), trimethoprim (5 μg/ml; Oxoid), cefsulodin (5 μg/ml; Oxoid), amphotericin B 
(5 μg/ml; Oxoid)), kanamycin (30 μg/ml; Sigma-Aldrich, MO), and 10% 
defibrinated sheep blood (Hemostat Laboratories, Dixon, CA). After 2 days, H. 
pylori were transformed by pipetting 3–30 μg of isolated plasmids containing the 
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mutated vacA genes directly onto H. pylori, which were overlaid on fresh blood 
agar plates containing kanamycin and incubated at 37 ⁰C with 5% CO2 and 10% 
O2. After 6 h, H. pylori were transferred from the kanamycin plates to a new blood 
agar plates containing sucrose (100 mg / mL; Sigma-Aldrich) and incubated at 37 
⁰C with 5% CO2 and 10% O2. After 7-14 days, H. pylori cells with the mutant form 
of vacA successfully integrated into the chromosome by double-crossover 
homologous recombination were identified by patch-plating 5-25 H. pylori 
colonies on new blood plates containing sucrose, and new blood plates 
containing kanamycin, and further incubated at 37 ⁰C with 5% CO2 and 10% O2. 
After 5 days, H. pylori colonies that were sensitive to kanamycin, but resistant to 
sucrose were selected and grown on bi-phasic Ham’s F-12 media agar plates 
with sucrose (100 mg / mL; Sigma-Aldrich). After 5-7 days, H. pylori genomic 
DNA was isolated using Wizard genomic DNA purification kit (Promega Corp., 
Madison, WI), and the mutant form of vacA within the genomic DNA of H. pylori 
was amplified using PCR. The sequence of each form of vacA was confirmed at 
Roy J. Carver Biotechnology Center at the University of Illinois at Urbana-
Champaign using Sanger sequencing. The yield of obtaining successful H. pylori 
transformants by this method was about 90%.  
 
Purification and acid activation of VacA 
 
Wildtype VacA and mutant forms of VacA were purified, as previously 
described (Kim IJ, 2018, Jain, 2011). Briefly, H. pylori 60190 and strains 
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expressing mutant form of VacA were grown on 1.5% agar plates with Ham’s F-
12 media supplemented with 5% fetal bovine serum, FBS (Atlanta Biologicals 
Inc., Flowery Branch, GA), sucrose (100 mg / mL; Sigma-Aldrich) under biphasic, 
microaerophilic (5% CO2 and 10% O2) condition at 37⁰C, in a humidified 
condition in bisulfite- and sulfite-free Brucella broth (BSFB) broth (dextrose; 
0.1%, β-cyclodextrin; 0.2%, NaCl; 0.5%, Sigma-Aldrich, St. Louis, MO., tryptone; 
1%, peptone; 1%, yeast extract; 0.2%, BD Biosciences, Sparks, MD) containing 
vancomycin (5 μg/ml; Sigma-Aldrich, St. Louis, MO) (Murano A, 1999). After 2 d, 
H. pylori culture was transferred to a fresh BSFB liquid culture with vancomycin 
and further incubated at 37⁰C, 5% CO2 in a humidified environment. After 2-3 d, 
the H. pylori culture was centrifuged at 8,000 xg, 20 min, 4⁰C. The collected H. 
pylori supernatant was precipitated with ammonium sulfate (Fisher Scientific, Fair 
Lawn, NJ) to 90% saturation (662 g/L) at 4 ⁰C. After ammonium sulfate is 
dissolved, the precipitates were centrifuged at 10,000 xg, 30min, 4⁰C. The 
collected precipitates were further dissolved in 10 mM sodium phosphate dibasic 
buffer (pH 7.0; Sigma-Aldrich) and dialyzed in 100X volume of dissolved 
precipiates10 mM sodium phosphate dibasic buffer (pH 7.0; Sigma-Aldrich) using 
a dialysis membrane (Spectra/PorTM RC/MWCO; 50kDa, Spectrum Labs, 
Rancho Dominquez, CA). Dialyzed precipitates were centrifuged at 8,000 xg, 30 
min, 4 ⁰C to remove any insoluble residuals and then filtered through a filtered 
funnel (Stericup, MWCO; 0.22 μm; EMD Millipore, Billerica, MA). Then, the 
dialyzed fraction was loaded onto an anion exchange chromatography column 
(DEAE SephacelTM, GE Healthcare, Little Chalfont, UK) and allow it to flow 
28 
 
through by gravity. Then, the column was washed with 2-3 bed volumes of the10 
mM sodium phosphate dibasic buffer (pH 7.0; Sigma-Aldrich). Then, 1 bed 
volume of 10 mM sodium phosphate dibasic buffer (pH 7.0; Sigma-Aldrich) with 
0.2 M sodium chloride was loaded to the column to elute VacA. ~10ml eluates 
were collected for the first fraction and ~12-20 smaller fractions, each ~1.5 mL, 
were collected. Except for the first fraction, the smaller fractions were loaded on 
SDS-PAGE gel (10%) and ran at 200 V for 40-60min. The gel was then stained 
with Coomassie Brilliant Blue to check the purity of VacA. The fractions that 
contained VacA were combined, loaded onto the centrifugal filter units (Amicon 
Ultra-15 centrifugal filters, Ultracel – 50 k, 50,000 NMWL, Tullagreen, 
Carrigtwohill Co. CORK IRELAND), and centrifuged at 3,000 xg, 10 min, 4 ⁰C. 
Purified VacA was further washed with PBS (pH7.4, 4 ⁰C) using the centrifugal 
filter units twice. The final concentration of VacA was determined by measuring 
the total protein concentration using BCA assay (ThermoFisher) using bovine 
serum albumin, BSA, (0.025 – 1.5 mg/mL) to generate a standard curve.  
Before VacA was used in experiments, VacA was activated by adding 0.3 
M HCl (10% v/v), followed by incubation at 37 ⁰C water bath. After 30 min. VacA 
was neutralized by adding 0.3 M NaOH (10% v/v). 
 
Western blot analysis of VacA 
 
Purified wildtype VacA and mutant forms of VacA were diluted (1 - 32X 
serial dilutions) by mixing with PBS (pH 7.4). Then, toxin samples were mixed 
29 
 
with an equal volume of 2X Laemmli sample buffer (Bio-Rad Laboratories Inc, 
CA) with 2-Mercaptoethanol (5%; Fisher) and incubated at 100 ⁰C. After 5-10 
min, toxin samples were loaded on to the standard SDS-PAGE gel (10%) and 
electrophoresed at 200 V for 40-60 min. Then the toxin samples were transferred 
from the gel to PVDF membrane blot (Immobilon®-P, Pore size; 0.45 μm, Merck 
Millipore, Tullagreen, Ireland) at 50 V for 60 min. Transferred toxin samples were 
immunostained with rabbit anti-VacA antibodies diluted to 1:100,000 in Tris-
buffered saline (pH 7.4) with 0.1% Tween 20 (TBS-T) and 5% skimmed milk and 
incubated overnight at 4 °C. Then, the blots incubated further with HRP-
conjugated secondary antibodies (1:10,000 dilution; Cell Signaling, Danvers, MA) 
diluted in the same buffer as the primary antibody for 1 h at room temperature. 
After washing 3 times with TBS-T for 5 min each, the blots were incubated with 
HRP substrates (SuperSignal® West, Pico and Femto mixed at 4:1 ratio; Thermo 
Scientific, Rockford, IL). The luminescent signals from the blots were imaged 
using ChemiDocTM XRS+ imaging system (Bio-Rad, Hercules, CA), and, 
analyzed using Image LabTM software (Version 4.1; Bio-Rad, Hercules, CA). 
 
Protease sensitivity assay  
 
Gross structure perturbations of mutant forms of VacA were evaluated 
using trypsin sensitivity assay as previously described (Wilson, 1994). Briefly, 
pre-chilled VacA (1000 nM) were incubated with or without pre-chilled trypsin 
(0.1, 1, 10, 100 nM) in the total volume of 30 µL (Sigma-Aldrich) at 25 ⁰C. After 1 
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h, the reactions were stopped by adding serine protease inhibitor, 100 µM 
phenylmethylsulfonyl fluoride (PMSF; Sigma-Aldrich). Then, 2X Laemmli sample 
buffer (Bio-Rad Laboratories Inc, CA) with 2-Mercaptoethanol (5%; Fisher) were 
added to each sample and incubated at 100 ⁰C. After 10 min, toxin samples were 
loaded on to the standard SDS-PAGE gel (10%) and electrophoresed at 150 V 
for 60 min until all samples were ran through the gel. Then, the toxin samples 
were analyzed by immunoblotting as described above.   
 
Glycerol density gradient assay 
 
 Mutant forms of VacA were accessed for their ability to assembly into the 
higher-ordered oligomeric form using density gradient assay as previously 
described (Cover, 1997). Briefly, VacA (1 µM) were exposed to pH 3 by adding 
0.3 M HCl (10%, v/v), and incubated in 37 ⁰C water bath for 30 min. Another tube 
of VacA (1 µM) was exposed to pH 7 by adding 0.3 M HCl (10%, v/v), incubating 
in 37 ⁰C water bath for 30 min, and adding 0.3 M NaOH (10% v/v). Then,  
VacA was pre-chilled on ice. After 20 min, pre-chilled VacA were loaded on top of 
ice-cold 0-40% glycerol density gradients (3.5 mL), (0.1 M Glycine, pH 3; Fisher, 
0.1 M NaCl; Fisher, 0, 20, or 40% glycerol; Fisher or 0.06 M Tris pH 7.5; Fisher, 
0.1 M NaCl; Fisher, 0, 20, or 40% glycerol; Fisher). The gradients were 
centrifuged at 40,000 RPM at 4 ⁰C. After 16 h, 7 fractions, 500 µL each, were 
collected from top to the bottom of the gradient, mixed with 6X Laemmli sample 
buffer (Bio-Rad Laboratories Inc, CA) with 2-Mercaptoethanol (9%; Fisher), and 
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incubated at 100 ⁰C. After 10 min, toxin samples were loaded on to the standard 
SDS-PAGE gel (10%) and electrophoresed at 200 V for 40 - 60 min. Then, the 
toxin samples were analyzed by immunoblotting as described above.     
 
Mammalian cell culture 
 
AZ-521 cell lines (3940; RIKEN, Japan) were maintained at 37 °C with 5% 
CO2 in a humidified environment. Cells were maintained in Minimum Essential 
Medium (MEM; Cellgro) supplemented with 10% FBS (Atlanta Biologicals Inc., 
GA), and 1% penicillin/streptomycin (Fisher). Cells were seeded in 96 well plates, 
10 cm tissue culture dish, or 15 cm tissue culture dish at a confluency at 70- 90% 
(2.5-3.0 x 104 cells / well). 
 
Analysis of vacuole biogenesis on cells (toxin cellular activity) 
 
VacA vacuole biogenesis activity was measured as previously described 
(de Bernard M, 1998). Monolayers of AZ-521 were seeded in 96-well plates and 
allowed to adhere at 37 ⁰C, 5% CO2, in humidified condition. After 16 h, both 
cells and VacA (0, 1, 10, 35, 100, 250, 500, 1000, 2000 nM diluted in cold PBS, 
pH 7.4) were pre-chilled at 4 °C to prevent the uptake of VacA. After 30 m, cells 
were incubated in the absence or presence of pre-chilled VacA at 4 °C to allow 
VacA to bind to the cells (three technical replicates, duplicate experimental set). 
After 30 m, unbound VacA was washed twice with ice-cold PBS and further 
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incubated in warm-cell culture media containing 5 mM ammonium chloride 
(Sigma-Aldrich, MO) at 37 ⁰C, 5% CO2. After 16 h, cells in each well were imaged 
using phase contrast light microscope. Cells with more than 4-5 visible vacuoles 
observed throughout the cytosol of the cells were qualified as VacA-induced 
vacuoles in cells. Cells were then washed once with PBS (pH 7.4) and incubated 
with diluted neutral red dye (0.33% solution (Sigma-Aldrich) diluted to 1:4 ratio of 
the dye to PBS) at 37 ⁰C. After 4 min, cells were washed once with PBS (pH 7.4) 
and added acid alcohol (3.7% HCl, 70% ethanol diluted 10X in deionized water) 
to release the neutral red dye by lysing cells. The color intensities were 
measured using spectrophotometry (BioTek, Winooski, VT) with absorbances at 
530 nm and 410 nm. On the other experimental set, total protein concentrations 
were measured to account for differences in cell densities in each well. Cells in 
this set were lysed using RIPA buffer (Thermo Fisher) on ice with mild shaking. 
After 15-20 min, the lysed cells were further incubated with BCA reagent 
(Thermo Fisher) at 37 ⁰C. After 30 min, total proteins in each well were measured 
using spectrophotometry (BioTek, Winooski, VT) with absorbance at 562 nm. 
The total protein concentration was determined by BCA assay, using bovine 
serum albumin (BSA) to generate a standard curve (0.025 – 1.5 mg/mL). The 
neutral red uptake data were quantified by subtracting O. D. at 410 nm from O. 
D. at 530 nm and normalized to the respective total protein measurement under 





Sphingomyelin binding assay 
 
 A solid-state ELISA assay was performed as previously described (Gupta, 
2008, Krishnamurthy et al., 2007, Yamaji et al., 1998). 500 pmol of porcine brain 
sphingomyelin (SM) (Avanti, AL) dissolved in 100% ethanol or mock control were 
adhered on 96-well Immulon 1B microtiter plates (Thermo Scientific, Rockford, 
IL) by evaporating ethanol at room temperature. After 1-1.5 h, excess SM was 
washed twice with PBS (pH 7.4), and the wells were incubated with 3% BSA-
PBS (pH 7.4) at room temperature. After 2 h, the wells were washed twice with 
PBS (pH 7.4), and incubated with either 1% BSA-PBS (pH 7.4) as control or a 
range of concentrations VacA (0.25, 1, 2.5, 5, 10, 25, and 40 nM) in 1% BSA-
PBS (pH 7.4) at 4 °C. After 16 h, unbound VacA was washed twice with PBS (pH 
7.4). Then, the wells were incubated with polyclonal rabbit α-VacA antibody 
diluted in 1% BSA-PBS (1:100,000). After 2 h, the wells were washed twice with 
PBS (pH 7.4), and further incubated with HRP-conjugated α-rabbit antibody (Cell 
Signaling Technology, Danvers, MA) diluted in 1% BSA-PBS (1:10,000) at room 
temperature. After 1 h, the wells were washed five times with PBS (pH 7.4). 
VacA in each well was detected using Ultra TMB-ELISA substrate (Thermo 
Fisher, IL). After 5 min, the color development was stopped by adding 2M sulfuric 
acid (Thermo Fisher), and the colorimetry was measured using 
spectrophotometry (BioTek, Winooski, VT) with absorbance at O. D. 450 nm. 
Data were quantified by subtracting O. D. from wells without SM from O. D. from 





 Fluorescence signals were analyzed using BD FACSCanto II flow 
analyzer (BD Biosciences, San Jose, CA).  Cell analyses were standardized for 
scattering and fluorescence utilizing fluorescently labeled compensation beads. 
10,000 events were recorded on a log fluorescence scale, and the arithmetic 
mean fluorescence values were determined using FCS Express 6.0 (De Novo 
Software, Glendale, CA). 
 
VacA binding to cell surface of epithelial cells 
 
 Pre-chilled AZ-521 suspension cells (1X106 cells / mL) were incubated in 
the absence or presence of pre-chilled VacA (0.35, 1, 3.5, 10, 35, 50, 100, 200, 
and 350 nM) at 4 °C. After 30 min, cells were washed with ice-cold PBS (pH 7.4) 
once and fixed with 4% ice-cold formaldehyde-PBS (pH 7.4). After 30 min, cells 
were washed once with ice-cold PBS (pH 7.4) and incubated with polyclonal 
rabbit -VacA antibody diluted in ice-cold PBS (1:10,000) at 4 ˚C with rotation. 
After 16 h, cells were washed once with ice-cold PBS and incubated with Alexa 
Fluor 488-conjugated goat -rabbit antibody diluted in ice-cold PBS (1:2,000) 
(Thermo Fisher, CA). After 1.5 h, fluorescence signals were detected by flow 
cytometry. Data were calculated by measuring arithmetic mean fluorescent 






Eleven loops within a carboxyl-terminal fragment of VacA (residue 355-811) 
are computationally predicted to facilitate VacA interactions with the lipid 
bilayer 
 
Previous structural studies showed that a fragment of the p55 domain of 
VacA (residues 355-811) comprises a right-handed parallel beta helix, a feature 
that is characteristic of autotransporter passenger domains (Gangwer, 2007). 
Notable features of VacA p55 include irregular beta-sheet contacts that result in 
five beta-helix subdomains (Fig. 2.1A), and, a carboxyl-terminal domain with a 
disulfide linkage (Gangwer, 2007). Earlier work identified three proximally located 
residues, R552, W603, and R647, located within the p55 domain that facilitate 
VacA interactions with plasma membrane SM (Oh SJ, unpublished) (Fig. 2.1A). 
However, we hypothesize that additional interactions with the plasma membrane 
may be required for productive binding of VacA to the cell surface. 
In the context of the VacA SM binding site, residues R552, W603, and 
R647 are each situated in a different flexible loop within a series of flexible loops 
aligned adjacently, and, in a linear fashion along a single edge of the extended 
beta-helix structure (Fig 2.1B). Based on our earlier work (Oh SJ, unpublished), 
we predicted that the residues comprising the SM binding site function to 
correctly orient VacA on the surface of cells. In addition, we hypothesized that 
additional residues within adjacent loops along the same ridge may be involved 
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in additional contacts with the plasma membrane. This prediction is consistent 
with previous electron microscopy studies suggesting that the p55 domain of 
surface-bound VacA occupies a substantial area on the plasma membrane 
(Czajkowsky, 1999, Pyburn TM, 2016). 
To computationally test this prediction, we conducted an extended 
molecular dynamics simulation to evaluate interactions of the p55 carboxyl-
terminal fragment (residues 355-811) with a planar lipid monolayer composed 
entirely of closely packed, but highly mobile phosphatidylcholine, which shares 
an identical phosphorylcholine headgroup with SM. We conducted three 350 ns-
running time simulations, which revealed interactions of the VacA fragment with 
the phosphocholine headgroups projecting out of the planar lipid monolayer. The 
p55 fragment of VacA was initially positioned in a way that the side chains of 
R552, W603, and R647 were projecting away from the PC headgroups (Fig 2.2). 
From 0-80 ns of the simulation, the VacA fragment came into close contact with 
the surface of the planar lipid monolayer several times before beginning to rotate 
in a manner, which positioned the side chains of R552, W603, and R647 in close 
proximity to the surface.  At 100 ns, the R552 side chain contacted PC 
headgroups, and then at approximately 150 ns, inserted into the lipid monolayer. 
At approximately 185 ns, the indole ring of W603 inserted into the monolayer, 
followed by the side chain of W577 at approximately 255 ns. In addition, the 
guanidinium side chain of R460 was positioned close to the lipid monolayer from 
approximately 80-270 ns, and then eventually contacted the monolayer at 280 
ns, followed by insertion at 310 ns. The side chain of R647 was positioned very 
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close to the lipid monolayer at approximately 105 ns. However, at approximately 
125 ns, the guanidinium side chain moved away from the lipid surface, and 
therefore, never made direct contact or inserted into the monolayer. From 310-
350 ns, the simulation predicted that one edge of the p55 fragment of VacA, 
composed of several flexible loops, including the three loops containing R552, 
W603, and R647, and, as shown on the bottom of the structure in Fig 2.1B, were 
either in contact with, or partially inserted, into the lipid monolayer. Notably, these 
simulations suggested that a large interface of the toxin comprising eleven loops 
along the extended ridge of the beta-helix may be involved in toxin-membrane 
interactions.  
 
Individual loop substitution mutations of VacA were generated using site-
directed mutagenesis 
 
The computational simulations described above predicted that a large 
region of the toxin comprising eleven loops, along the extended ridge of the beta-
helix, is involved in toxin-membrane interactions (Table 2.1). To evaluate this 
prediction experimentally, we examined the consequences of systematically 
removing each of the eleven loops (one at a time), on toxin cellular activity. Using 
site-directed mutagenesis, we generated eleven individual mutant forms of VacA, 
each lacking one of the loops designated as L(-8) to L(+2) (Fig. 2.1B). Using this 
designation, L(-8) corresponds to the loop at the amino-terminus of the fragment, 
and, L(+2) corresponds to the loop at the carboxyl-terminus of the fragment. 
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Loops (-2), (0), and (+2) contain R552, W603, and R647, respectively. The entire 
sequence of each loop was deleted, and the remaining beta strands were 
reconnected with a flexible linker containing the sequence Gly-Gly-Gly. To 
evaluate if one or more of the eleven loops is important for toxin activity, an 
individual mutant form of VacA was purified and evaluated for the toxin activities.   
 
Mutant forms of VacA were expressed and secreted from H. pylori 
 
VacA is a member of the bacterial autotransporter family, and therefore, is 
secreted directly into the extracellular medium (Gangwer, 2007). Wildtype VacA 
or one of the mutant forms of VacA within H. pylori culture filtrates were purified 
and purity of VacA was analyzed by sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis (SDS-PAGE), followed by Coomassie brilliant blue staining. The 
full-length VacA, which is 88 kDa, which is visualized in between 75 kDa and 100 
kDa ladder. The data showed that among the 11 mutant forms of VacA, L(0) and 
L(+2) yielded no visible band at ~88 kDa suggesting that no mutant VacA were 
secreted into the H. pylori culture filtrate. To further evaluate whether VacA L(0) 
and VacA L(+2) are expressed in H. pylori, the H. pylori lysates and culture 
filtrates were analyzed by immunoblotting with anti-VacA antibodies and 
secondary anti-rabbit IgG antibodies conjugated with HRP. The data showed that 
VacA L(+2) were present in H. pylori lysates, but not in culture filtrate suggesting 
that the mutant VacA was expressed in H. pylori but was not being secreted. The 
data also showed that VacA L(0) was not present in both H. pylori lysates and in 
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culture filtrate suggesting that the mutant was not expressed in H. pylori, and 
were not secreted.  
The rest of the nine mutant forms of VacA showed a clear band at ~88 
kDa along with a few lower bands (Fig. 2.3A). The bands for L(-8) and L(-7), 
which are two of the longer loops with 8 and 13 amino acid residues, 
respectively, appeared slightly lower compared to the bands for the wildtype and 
the other mutant VacA possibly due to the removal of several residues within the 
loops (Fig. 2.3A).  
To evaluate whether the purified mutant VacA were sensitive to anti-VacA 
antibodies, wildtype VacA and each of the mutant forms of VacA, excluding VacA 
L(0), and VacA L(+2),  were analyzed by immunoblotting with anti-VacA 
antibodies and secondary anti-rabbit IgG antibodies conjugated with HRP. The 
data showed that all mutant VacA had a full-length VacA with minimal to few 
lower molecular weight bands suggesting that the toxin has minimal degradation 
in solution (Fig. 2.3B).  
 
Effects of loop mutations on VacA protein stability 
 
To evaluate the potential effects of substituting individual loops on VacA 
protein structure and stability, we compared the protease sensitivity profiles of 
wildtype VacA and mutant forms of VacA with loop substitution. Purified wildtype 
VacA and mutant forms of VacA with loop substitutions were incubated 
separately at 25 ⁰C in the absence or presence of trypsin (0.1, 1, 10, and 100 
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nM, pH 7.4). After 1 h, each sample was examined using immunoblot analysis for 
the profile of VacA peptides generated from trypsin digestion, employing VacA 
antibodies. These studies revealed similar trypsin-dependent patterns of 
immuno-specific bands corresponding to VacA for both wildtype VacA and 
mutant forms of VacA, suggesting that substitutions of individual loops did not 
cause gross perturbations in VacA structural stability (Fig. 2.3C). Notably, a band 
at ~37 kDa were shown only in single loop substitution mutations in L(-8) and L(-
7) possibly due exposure of a buried region of VacA; however, the overall profiles 
of peptides were similar to wildtype VacA. 
 
Effects of loop mutations on VacA assembly into higher-ordered structures 
 
Previous studies showed that VacA assembles into higher-ordered 
oligomeric structures, which is a requisite step for toxin cellular activity 
(Czajkowsky, 1999, Iwamoto, 1999). High-resolution imaging revealed that the 
monomeric form of VacA assembles into oligomers with the amino-terminal p33 
domains forming an inner ring, which is believed to function as an ion-conducting 
membrane channel (Iwamoto, 1999, Domanska G, 2010, Torres, 2005). Two 
residues in the p55 domain (residues 346-347) (Ivie, 2008) are required for VacA 
oligomer assembly and are believed to comprise part of the contact sites 
between the p33 and p55 fragments of adjacent monomers (Ivie, 2008). Although 
the exact location of VacA L(-8) to L(+2) have not been mapped within the 
context of toxin oligomers, electron microscopy imaging predicts that most of the 
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p55 domain for each monomer, including the region containing L(-8) to L(+2), 
extend away from the p33-generated center ring (Iwamoto, 1999, McClain, 2003) 
akin to petals on a flower, and does not appear to be involved in monomer-
monomer contacts.  Based on the structural data, we predicted that VacA loops, 
L(-8) to L(+2) would not directly influence the toxin oligomer assembly. To 
validate this prediction experimentally, we evaluated the potential effects of the 
individual loop substitutions, comprising L(-8) to L(+2), on the capacity of VacA to 
form higher-ordered structures. Preparations of purified VacA were introduced to 
the tops of glycerol layers (10, 20, 40%), and toxin monomers were resolved 
from higher-ordered oligomers using high-speed centrifugation, which partitioned 
oligomers into the higher density fractions near the bottom of the gradient, while 
the monomers remained in the lower density fractions near the top of the 
gradient. We observed the glycerol density profiles of wildtype VacA for each of 
the mutant forms of VacA. Purified wildtype VacA or each of the mutant forms of 
VacA (1µM), at pH 7.5, conditions under which six or seven monomers of 
wildtype VacA assemble into soluble oligomeric rings (Cover, 1997), or at pH 3.0, 
conditions under which VacA exists as soluble monomers, were fractionated at 4 
⁰C by glycerol gradient density centrifugation (0-40%, 40,000 xg). After 16 h, 
seven fractions of equal volumes were collected from the top (0%) to the bottom 
(40%) of the gradient. The collected fractions were analyzed by immunoblot 
analysis using VacA antibodies, to determine the relative levels of VacA in each 
fraction. The data revealed that at both pH 3.0 and pH 7.5, the profiles of 
immunospecific bands corresponding to VacA were very similar for the mutant 
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forms of VacA and wildtype VacA (Fig. 2.3D). These data support a conclusion 
that substitutions of individual loops of VacA have no effect on the glycerol 
density gradient profiles of VacA, indicating that L(-8) to L(+2) are not important 
for pH-dependent oligomer assembly or disassembly, and do not result in 
disruptions of VacA quaternary structure.  
 
Substitution mutagenesis identified loops within the p55 beta-helix domain 
important for VacA cellular activity  
 
Results described immediately above indicated that mutant forms of VacA, 
comprising an individual substitution of nine of the eleven loops along the beta-
helix, were successfully expressed and purified. The two exceptions were VacA 
L(0) and VacA L(+2), which were not secreted by Hp, and therefore, VacA L(+2) 
was not further characterized. VacA L(0) were not present in H. pylori lysates 
suggesting that the mutation on L(0) might have affected the toxin expression. 
Therefore, additional residues were added to the triglycine linkers to and tested 
for toxin cellular activity, which will be discussed next section.  As described 
above, the overall structural stabilities, as evaluated by the sensitivity of each of 
these proteins to trypsin degradation, were not observed. However, these studies 
did not address the effects of substituting individual loops with gly-gly-gly linkers 
on the cellular activity of VacA. To evaluate the importance of L(-8) through L(-1), 
as well as L(+1), for toxin cellular activity, we measured the capacity of each 
mutant form of VacA to induce cellular vacuolation. 
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Monolayers of AZ-521 cells that had been pre-chilled to 4 ⁰C, to prevent 
endocytic uptake of plasma membrane components were incubated in the 
absence or presence of pre-chilled wild type VacA, or, each of the nine mutant 
forms of VacA that were secreted and purified, using a range of toxin 
concentrations (0, 1, 10, 35, 100, and 250 nM). After 30 min, the monolayers 
were washed with ice-cold PBS pH 7.4 and then incubated at 37 ⁰C with cell 
culture medium. After 16 h, the monolayers were evaluated for the relative 
amount of vacuole biogenesis, using phase contrast microscopy, and, by 
quantifying the uptake of the acidotrophic dye, neutral red.  
Phase contrast microscopy showed visible intracellular vacuoles within 
nearly all the cells in monolayers that had been incubated with wild type VacA, as 
well as, with three of the nine mutant forms of VacA, VacA L(-5), VacA L(-4), and 
VacA L(+1) (each at 35 nM). In contrast, there were modest reductions, 
approximately 10-50%, in the number of cells with visible intracellular vacuoles 
within the monolayers that had been incubated with four of the nine mutant forms 
of VacA, VacA L(-6), VacA L(-3), VacA L(-2), and VacA L(-1), compared to wild 
type VacA (Fig. 2.4.8A). In addition, there were almost no cells with visible 
intracellular vacuoles within monolayers that had been incubated with two of the 
nine mutant forms of VacA, VacA L(-8) and VacA L(-7).  
These phase contrast microscopy data were further validated using the 
neutral red uptake assay, from which we calculated Vac50 values, which are the 
concentrations of each form of VacA required to achieve 50% of the maximal 
uptake of neutral red. These studies revealed  significantly less absorbance at 
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520 nm, corresponding to neutral red uptake, from the lysates prepared from 
monolayers that had been incubated with VacA L(-8), VacA L(-7), VacA L(-6), 
VacA L(-3), VacA L(-2), or VacA L(-1), than lysates prepared from monolayers 
incubated with wild type VacA. Based on these studies, the eleven mutant forms 
of VacA were categorized into 4 classes. VacA L(0) and VacA L(+2) were 
categorized into class 1, which represents the mutant VacA that were not 
expressed or secreted from H. pylori; therefore, these mutants were not 
characterized. L(0) and L(+2) contains previously identified functional residues, 
W603 and R647, respectively (Oh SJ, unpublished) however, mutations on these 
loops resulted in no expression/secretion of the mutant VacA. The mutant VacA 
that showed no attenuation in cellular vacuolation activity were categorized into 
class 2 and, the mutant VacA that showed modest attenuation (2-5-fold 
attenuation in VacA50) in cellular vacuolation activity were categorized into class 
3. Class 4 represents the mutant VacA with high attenuation (greater than 200-
fold attenuation in VacA50) in cellular vacuolation activity compared to wild type 
VacA.  
Absorbance at 520 nm, corresponding to neutral red uptake, from the 
lysates prepared from monolayers incubated with three mutant forms of VacA 
(VacA L(-5), VacA L(-4), or VacA L(+1)), were similar to those obtained for wild 
type VacA (Fig. 2.4) therefore, categorized into class 2. The computational 
analyses, which were described above, predicted that during the earliest periods 
of VacA contact with the planar lipid monolayer, L(-4), and L(+1), which are the 
shortest among the eleven loops along the beta-helix of the p55 fragment of 
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VacA, consisting of 2 residues and 3 residues, respectively, do not form 
interactions with the phosphorylcholine headgroups, which might account for the 
non-essentiality of these loops for toxin activity. Understanding the results 
obtained for L(-5) is not as straight forward, as the simulation predicted that L(-5) 
does interact with phosphorylcholine headgroups of the monolayer via the benzyl 
ring of the Phe 483. However, the data showed that substitution of L(-5) mutation 
had no effect in vacuole biogenesis suggesting that L(-5) has a minor role in the 
toxin cellular activity.    
Four of the six mutant VacA, VacA L(-6), VacA L(-3), VacA L(-2) and VacA 
L(-1), were categorized as class 3 as these mutant VacA showed modest 
reductions in the neutral red uptake compared to the wildtype. The lysates 
prepared from monolayers that had been incubated with of VacA L(-6) and VacA 
L(-2) were comparable to the lysates prepared from monolayers that had been 
incubated with 35 nM of wildtype VacA. Compared to the 1/ Vac50 values of 
wildtype, VacA L(-6), and VacA L(-2) showed ~4-5-fold reductions in 1/ Vac50 
values (Fig. 2.4B). VacA L(-2) includes one of the three previously identified 
important SM-binding residues (Oh SJ, unpublished), R552; therefore, the 
reduction in the relative cellular activity of VacA L(-2) was expected.  Unlike VacA 
L(-2), VacA L(-6) does not have previously identified important residue for toxin 
binding, however, the computational analysis above predicted that guanidinium 
side chain of R460, located in L(-6), inserts into the planar lipid monolayer at 310 
ns of simulation time, suggesting that the reduction of the toxin activity with VacA 
L(-6) is due to the loss of R460.  
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The lysates prepared from the monolayers that had been incubated with 
VacA L(-3) or VacA L(-1) showed slight reductions compared to the lysates 
prepared from the monolayers that had been incubated with 100 nM of wildtype 
VacA, resulting in 1/ Vac50 values for these mutant forms of VacA to be only 2-3-
fold less relative to wild type VacA (Fig 2.4B). L(-3) consists of several non-polar 
residues located in the middle of the loop (Table 2.1), and the computational data 
predicted that the side chains of these residues interact with the planar lipid 
monolayer. At approximately 100 ns of simulation time, L(-3) was positioned 
closely to the monolayer surface, as the guanidinium side chain of R552 making 
initial contact with a phosphorylcholine headgroup. L(-3) made initial contact at 
approximately 250 ns, and inserted into the monolayer at approximately 350 ns 
via the side chains of non-polar residues, V524, V526, as well as G525, 
suggesting that L(-3) is important for VacA interactions with the lipid monolayer 
and toxin cellular activity. L(-1) consists of 4 residues with two middle residues, 
Pro 576 and Trp 577 (Table 2.1). The computational data predicted that the 
indole ring of Trp 577 was positioned closely to the lipid monolayer at 110 ns and 
inserted into the phosphorylcholine headgroup at 255 ns, suggesting that the Trp 
577 is important for VacA interactions with lipid monolayer (Fig 2.2). However, an 
alanine substitution for Trp 577 was reported not to affect the toxin cellular 
activity of the toxin compared to the wild type VacA (Oh SJ, unpublished). 
Considering the nature of the proline, which provides structural rigidity, Pro 576 
may be important for positioning of the indole ring of Trp 577 resulting in the 
reduction of toxin cellular activity.  
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VacA L(-8) and VacA L(-7) were categorized as class 4. Consistent with 
the phase contrast imaging results (Fig. 2.4A and B), the lysates prepared from 
monolayers that had been incubated with VacA L(-8) or VacA L(-7) showed the 
most reduction in the neutral red uptake, comparable to the lysates prepared 
from monolayers that had been incubated with of wild type VacA (1 nM). With the 
range of concentrations of VacA L(-8) and VacA L(-7) up to 2000 nM, the mutant 
VacA activities were highly attenuated in that the exact 1/Vac50 values could not 
be determined, but estimated to be greater than 200-fold less than 1/ Vac50 
values showing the most reduction in relative cellular activities among the nine 
mutant forms of VacA (Fig. 2.4C). Computational analysis data above predicted 
that L(-8) interact with the planar lipid monolayer at around 350 ns of the 
simulation time, and at around 370 ns, almost the entire loop was predicted to be 
inserted into the monolayer (Fig. 2.2). L(-7) is the longest loop among the eleven 
loops along the beta-helix of the p55 fragment of VacA and consists of several 
non-polar residues and one aromatic residue, Tyr 428, located in the middle of 
the loop, which is predicted to be inserted into the lipid monolayer. Considering 
the location of L(-8) and L(-7), which are located the N-terminal end of p55 
fragment of VacA, after VacA interacts with lipid monolayer via R552 and W603 
(Oh SJ, unpublished), interactions of L(-8) and L(-7) with the monolayer may aid 
in further stabilizing VacA binding.  
These studies indicated that the substitution of two of the eleven loops, 
L(0), or L(+2) results in no secretion of the toxin, substitution of three of the 
eleven loops, L(-5), L(-4), or L(-1), have very minimal effect in toxin cellular 
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activity, and substitution of six of the eleven loops, L(-8), L(-7), L(-6), L(-3), L(-2), 
or L(-1), attenuated toxin-mediated vacuolation, suggesting that these loops are 
important for VacA-medicated cellular activity. However, these data did not 
evaluate whether loop substitution mutations in L(-8), L(-7), L(-6), L(-3), L(-2) or 
L(-1) is important for direct interactions between VacA and VacA receptor, 
sphingomyelin. 
 
Loop substitution in VacA L(0) did not affect VacA cellular activity   
 
 As described immediately above, loop substitution mutation in VacA L(0) 
with triglycine linker showed no visible VacA band in lysates of H. pylori that has 
mutant L(0) vacA suggesting that the mutation in L(0) may have affected the 
expression of the mutant VacA. To further evaluate the importance of L(0) in 
VacA cellular activity, we generated mutant forms of toxin by substituting extra 1 
or 2 residues (glycine and serine) in L(0) and named as VacA L(0)-GGSG and 
VacA L(0)-SGGSG. Similar to the H. pylori expressing vacA-L(0)-GGG, the 
lysates of H. pylori that has mutant vacA-L(0)-GGSG showed no visible VacA 
band suggesting that substituting the L(0) with GGSG linker still may have 
affected the expression of the mutant VacA. Therefore, no further studies were 
conducted with this mutant.  
VacA L(0)-SGGSG were purified from the strain of H. pylori culture filtrate 
and evaluated for the VacA cellular activity as described above. Because L(0) 
contains W603, which previously identified to be important for VacA cellular 
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activity, we expected that VacA L(0)-SGGSG would have attenuated toxin 
cellular activity (Oh SJ, unpublished). Surprisingly, our data showed that the 
mutant form of VacA had a similar amount of vacuole biogenesis compared to 
wildtype VacA suggesting that the L(0) may not be important for VacA cellular 
activity (Figure 2.5). Therefore, no further studies were conducted with this 
mutant but will be discussed further in the discussion section.  
   
Gly-Gly-Ser substitutions while retaining R552, W603, and R647 do not 
affect VacA cellular activity  
 
The study above showed that single loop substitution mutation with Gly-
Gly-Gly showed significant attenuation in toxin cellular activity in gastric epithelial 
cells suggesting that there are one or more loops at the ridge of the p55 fragment 
of VacA characterized by series of loops are important for toxin cellular activity. 
Because L(-2) contains R552, a functional residue previously identified, it was 
not a surprise that VacA L(-2) resulted in a significant reduction in VacA cellular 
activity. To further validate whether the reduction was due to the removal of 
R552, we generated a mutant form of VacA which the residues within L(-2) were 
substituted with Gly-Gly-Ser repeats while retaining R552. In addition, we also 
generated mutant forms of toxins which the residues within L(0), and L(+2), 
which contain W603, and R647, respectively, in the same manner, to identify, if 
any, additional functional residues in the loops. H. pylori containing each mutant 
form of vacA were generated, and mutant VacA were purified from H. pylori 
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culture filtrate.  These mutant forms of VacA are named as VacA 
(R552/W603/R647-retained-L(-2)-GGS), VacA (R552/W603/R647-retained-L(-0)-
GGS), and VacA (R552/W603/R647-retained-L(+2)-GGS). VacA 
(R552/W603/R647-retained-L(-2)-GGS) and VacA (R552/W603/R647-retained-
L(-0)-GGS) were successfully purified, but there was no VacA 
(R552/W603/R647-retained-L(+2)-GGS) yield. We further examined the bacterial 
lysates, and supernatants of H. pylori containing individual plasmid containing 
these mutant genes were examined by immunoblotting for VacA, and the data 
showed that VacA (R552/W603/R647-retained-L(+2)-GGS) were expressed in H. 
pylori but yielded no VacA secretion into the supernatant. Therefore, no further 
studies were conducted with vacA (R552/W603/R647-retained-L(+2)-GGS). 
To evaluate the importance of residues within L(-2) and L(0), we 
measured the capacity of each mutant form of VacA to induce cellular 
vacuolation by quantifying the uptake of neutral red dye. The data showed that 
AZ-521 cells that had been incubated with the mutant VacA of L(-2) or L(0) had 
no significant differences in vacuolations compared to cells that had been 
incubated with wildtype VacA (Figure 2.6) suggesting that there may be no 
additional functional residues within L(-2) and L(0). Therefore, no further studies 







R460 is important for VacA cellular activity  
 
The molecular dynamic simulations above suggested that a large interface 
of the toxin comprising several loops along the ridge of the beta-helix, may be 
involved in toxin-membrane interactions, and the data above suggested six of 
nine loops tested are important for VacA cellular activity. The simulation also 
predicted that several single residues within these loops interact with the lipid 
monolayer suggesting these residues are important for VacA cellular activity. 
From 350-760 ns, the simulation predicted that several of these flexible loops 
interacting with the lipid monolayer either move further into the monolayers or 
already situated deep into the monolayers with some degrees of flexibility within 
the monolayers (Fig. 2.7A). Notably, although W577 and W603 were both 
situated in different loops, the indole rings of these residues are very close 
proximity to each other (~5.6 A at one fixed angle between C1 of W577 and C5 
of W603) (Fig. 2.13) suggesting that the two indole rings potentially form pi-
stacking interactions. The simulation predicted that while the flexibility of the 
indole ring of W577 was limited, the indole ring of W603 was highly flexible and 
appeared to form mostly in parallel stacking interactions and a few times, in T-
shaped stacking interactions with the indole ring of W577 as both residues 
moving into the monolayers. Concurrently, the simulation also predicted that the 
γ-carboxyl side chain of E600, which is located on the same loop as W603, 
formed salt bridge with the guanidinium side chain of R647 at ~437 ns and with 
the guanidinium side chain of R552 at ~655 ns, like see-sawing between the two 
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guanidinium side chains, but E600 was never inserted into the monolayer during 
the entire simulation(Fig. 2.7B).  Notably, these simulations suggested that a 
large interface of the toxin comprising eleven loops along the extended ridge of 
the beta-helix may be involved in toxin-membrane interactions.  
Among the residues predicted, using site-directed mutagenesis described 
above, we generated 5 alanine substitution mutations of VacA at R460, which is 
located amino-terminus of the p55 fragment of VacA (Fig. 2.7A), 2 aromatic 
residues, F461, F483, V524, V526 or E600. These mutant forms of VacA were 
named as VacA (R460A), VacA (F461A), VacA (F483A), and VacA (E600A). 
Each mutant form of VacA was purified from H. pylori culture filtrates and tested 
for the capacity of each mutant form of VacA to induce cellular vacuolation by 
quantifying the uptake of neutral red dye as described above. VacA 
(V524A/V526A) yielded no secretion of purified VacA, and the immunoblot 
analysis of VacA in H. pylori containing vacA (V524A/V526A) showed that no 
evidence of VacA in the bacterial lysates as well as in H. pylori culture filtrate 
suggesting that the toxin did not express, hence, did not secrete. Therefore, no 
further studies were conducted.  
The data showed that AZ-521 cells that had been incubated with VacA 
(F461A), VacA (F483A), or VacA (E600A) had no significant differences in 
vacuole biogenesis compared to cells that had been incubated with wildtype 
VacA (Fig. 2.7C) suggesting that F461, F483, and/or E600 may have either very 
minor effect or not important for VacA cellular activity. The data also showed that 
AZ-521 cells that had been incubated with VacA (R460A) had significant 
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attenuation (~3-fold) in vacuole biogenesis compared to cells that had been 
incubated with wildtype VacA (Fig. 2.7C) suggesting that R460 is important for 
VacA cellular activity. Although VacA (R460A) showed attenuation in VacA 
cellular activity, no further studies were conducted as R460 is located within L(-
6), which when substituted to Gly-Gly-Gly, showed the similar attenuation in 
VacA cellular activity compared to VacA (R460A). Notably, the indole ring of 
W577 of VacA has also been shown to interact with the lipid layer in the 
simulation. However, previous data showed that W577 is not important for 
vacuole biogenesis (Oh SJ, unpublished). Therefore, no further studies were 
done for W577 but will be discussed briefly in the discussion section. 
 
Six loops of VacA are not important for VacA interaction with VacA 
receptor, sphingomyelin 
 
The studies described above suggested that six of the nine mutant forms 
of VacA, L(-8), L(-7), L(-6), L(-3), L(-2) and L(-1), each with a single loop 
substitution along the beta-helix of p55 fragment of VacA are important for toxin-
dependent vacuole biogenesis. However, these studies did not evaluate the role 
of the loops within the beta-helix of the p55 domain of VacA for toxin-
sphingomyelin (SM) interactions. To evaluate the potential importance of 
individual loops for VacA-SM interactions, we used an ELISA-based assay to 
compare the relative binding of wild type VacA and the mutant forms of VacA to 
SM-coated wells. This assay has previously been used to demonstrate the 
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preferential binding of VacA (Gupta, 2010, Gupta, 2008), and other SM-binding 
proteins (Sukumwang, 2013, Yamaji-Hasegawa, 2003), to SM relative to a 
number of other common plasma membrane lipids. Individual wells within 96-well 
Immulon 1B microtiter plates, that had been previously coated with SM (500 
pmol), were incubated at 4 ⁰C in the absence or presence of wild type VacA, and 
each of the six mutant forms of VacA (0.25, 1, 2.5, 5, 10, 25, 40 nM; 50 µL each). 
After 16 h, unbound toxins were washed out of the wells, and VacA retained 
within the wells was quantified by ELISA, using VacA antibodies followed by goat 
anti-rabbit IgG-HRP conjugated antibodies. The ELISA signals were quantified 
using a chromogenic substrate to detect HRP and measuring O. D. at 450 nm. 
VacA binding to SM was quantified by subtracting the O. D. values in the wells 
without SM from the O. D. values in the wells with SM. Consistent with previous 
studies (Gupta, 2010, Gupta, 2008), these experiments revealed that the ELISA 
signals corresponding to VacA retained in the wells incubated with wild type 
VacA were detected as little as 2.5 nM and increased in dose-dependent-manner 
until plateauing at around 25 nM (Fig. 2.8A). These experiments also revealed 
that the ELISA signals corresponding to VacA retained in the wells incubated 
with each of the six mutant forms of VacA, VacA L(-8), VacA L(-7), VacA L(-6), 
VacA L(-3), VacA L(-2), or VacA L(-1) were similar to the wells incubated with 
wild type VacA. All six mutant VacA showed a sigmoidal binding curve with the 
logarithmic scale of VacA concentrations similar to wild type VacA. Although the 
binding curve showed slightly different amplitudes between wildtype VacA and 
each mutant VacA, all six mutant VacA showed similar EC50 values, the 
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concentration of VacA required to 50% of maximal VacA binding to SM-coated 
wells, compared to EC50 of wild type VacA. For ease of analysis, we presented 
the relative VacA binding to SM of each form of toxin graphically as 1/EC50 
values (Fig. 2.8B). These studies revealed that 1/EC50 values of all six mutant 
VacA were not significantly different from 1/EC50 of wildtype VacA suggesting 
that none of these six loop substitution mutations are important for VacA-SM 
interactions. However, these data did not evaluate whether loop substitution 
mutations in L(-8), L(-7), L(-6), L(-3), L(-2) or L(-1) is important for the overall 
VacA binding to the surface of cells.  
 
No single loop was shown to drastic impact on the overall VacA binding to 
the surface of cells  
 
The results described above showed that the L(-8), L(-7), L(-6), L(-3), L(-
2), and L(-1) are not important in VacA binding to the SM-coated plates, 
however, it did not show the possibility of the lower overall cellular activity of 
whole loop substitution mutant forms of VacA, VacA L(-8), VacA L(-7), VacA L(-
6), VacA L(-3), VacA L(-2), or VacA L(-1), that could be due to the relative 
inability of this mutant form of toxin to bind plasmid membrane. To evaluate this 
possibility, AZ-521 cells that had been pre-chilled on ice, were incubated at 4 ˚C, 
which is the conditions that are non-permissive for the uptake and internalization 
of plasma membrane components, in the absence or presence of pre-chilled wild 
type VacA or each of the six mutants form of VacA (0.35, 1, 3.5, 10, 35, 50, 100, 
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200, 350 nM). After 30 min, the cells were washed with ice-cold PBS pH 7.4, 
fixed with paraformaldehyde, and then incubated with VacA antibodies. Using 
flow cytometry, the membrane-bound wild type VacA or each of the mutant forms 
of VacA was detected with Alexa Fluor 488-conjugated goat, anti-rabbit 
secondary antibodies. The fluorescent signals at each concentration were 
measured, and relative arithmetic mean fluorescence intensities (MFI) to the cells 
incubated without VacA (0 nM) were plotted to generate the total binding curve of 
VacA. The data showed that the wildtype VacA has non-saturating binding curve 
with two different shapes; up to 50-100 nM of VacA, VacA binding to the cell 
membrane was very rapid resembling logarithmic curve, and from 50-350 nM of 
VacA, VacA binding to cell membrane was linear, suggesting that VacA binding 
to the cell surface occurred fast initially, but slowed down, and never plateaued 
(Fig. 2.9A). The data also showed similar binding curve for each of the six mutant 
VacA with slight variation in the amplitudes of the curves. Kd, the concentration of 
VacA that yielded 50% of the total binding of VacA to the surfaces of cells, for 
wildtype VacA and each of the six mutant VacA was calculated using nonlinear 
fit, one site-total function in Prism 8.02 and for ease of analysis, the data were 
presented as relative 1/Kd to wildtype VacA. These data revealed that loop 
substitution of L(-7), L(-6), L(-3), or L(-1) has similar binding curve to the wildtype 
resulting in similar relative 1/Kd  to the relative 1/Kd  of wildtype VacA suggesting 
that these four loops individually do not affect the overall VacA binding to the 
cells (Fig. 2.9). The data also showed that loop substitution of L(-8) or L(-2) 
overall shape of the binding curves showed two different curves where up to 50-
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100 nM, the binding of the mutant VacA was rapid whereas, from 50-350 nM, the 
binding of mutant VacA was in a linear manner. However, mutant VacA had ~30-
50% lower amplitudes at each concentration, and relative 1/ Kd of these two 
mutants were ~2-2.5-fold significantly lower than the relative 1/Kd of wildtype 
VacA (Fig. 2.9B). Taken together, the data suggested that the loop substitution 
mutations in L(-7), L(-6), L(-3), or L(-1) did not affect the overall binding of VacA 
to the surface of cells indicating that these loops may not be important for VacA 
binding to the surface of cells. Also, the data suggested that the loop substitution 
mutations in L(-8) or L(-2) yielded modest reductions in VacA binding to the 
surface of cells indicating that these loops may be important for VacA binding to 
the cell surface. Although loop substitution in L(-8) or L(-2) had a significant 
reduction in 1/Kd, the reductions in VacA cell surface binding activities were 
~50% indicating that ~50% mutant VacA can still bind to the cell surface. 
Furthermore, these data also suggest that none of the single loop substitution 
mutations by itself did yield profound reductions in overall VacA binding to the 
surfaces of cells indicating that no single loop may be responsible for the drastic 
effect on the overall VacA binding to the surface of cells. However, these data did 
not evaluate whether more than one loop is involved in VacA binding to the 







Characterization of multiple loop substitution mutations in VacA 
 
The results described above showed the single loop substitution mutations 
in L(-8), L(-7), L(-6), L(-3), L(-2), and L(-1) may not yield substantial effects on the 
overall VacA binding to the surface of cells, however, it did not show the 
possibility of additive/synergistic effect of multiple loops of VacA cellular binding 
activity, that each loop contributes to the overall VacA binding energies to 
plasmid membrane. To evaluate this possibility, we generated 2 mutant forms of 
VacA by substituting 2 loops or 3 loops with tri-glycine linker as described above. 
Among the eleven loops in p55 fragment of VacA, L(-8) and L(-7) were chosen 
for double loop substitution mutation to generate mutant VacA, VacA L(-8)/(-7), 
by substituting tri-glycine linkers, as the single loop substitutions mutations of  L(-
8) or L(-7) resulted in high attenuations in VacA cellular activities described 
above. To generate triple loop substitution mutation, L(-6) was further substituted 
with the linker into vacA L(-8)/(-7) to generate VacA L(-8)/(-7)/(-6). L(-8), L(-7), 
and L(-6) are located the end of amino-terminus of the p55 fragment of VacA, 
away from the previously identified functional residues, R552, W603, and R647.   
An individual mutant form of VacA was expressed in H. pylori, purified, 
and tested for purity, sensitivity to anti-VacA antibodies, the effect of mutations 
on VacA stability, and effect of mutations on VacA assembly into oligomer as 
described above. The data showed that purified mutant forms of VacA had a 
clear band at ~88 kDa with ~95% purity (Fig. 2.10A). Compared to the wildtype 
VacA, the bands for mutant VacA were slightly lower possibly due to the loss of 
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several residues in each loop. The data also showed that these bands could be 
detected by immunoblotting with anti-VacA antibodies without lower molecular 
weight bands indicating no evidence of degradation of full-length VacA (Fig. 
2.10B).  
To evaluate whether substitution of multiple loops with tri-glycine linkers 
affects the overall stability of VacA, we examined the gross structural 
perturbations by comparing the protease sensitivity profiles of VacA peptides 
generated from trypsin digestion for wildtype VacA and each mutant VacA using 
immunoblot analysis as described above. The data showed that the trypsin-
dependent patterns of immune-specific bands corresponding to VacA for both 
wildtype VacA and mutant VacA were similar, suggesting that substitutions of 
multiple loops did not result in gross perturbations in VacA structural stability 
(Fig. 2.10C). 
To evaluate whether the substitution of multiple loops with tri-glycine 
linkers affect the capacity of VacA to form higher-ordered structure, the glycerol 
density profiles of each mutant VacA were observed using immunoblot analysis 
compared to the glycerol density profiles of wildtype VacA as described above. 
The data showed that at both pH 3.0 and pH 7.5, the profiles of immune-specific 
bands corresponding to VacA were very similar for the mutant forms of VacA and 
wildtype VacA (Fig. 2.10D). These data support a conclusion that substitutions of 
multiple loops of VacA have no effect on the glycerol density gradient profiles of 
VacA, indicating that these loops are not important for pH-dependent oligomer 
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assembly or disassembly, and do not result in disruptions of VacA quaternary 
structure. 
The data above showed that single loop substitution mutation in L(-8) or 
L(-7) attenuated vacuole biogenesis significantly in the intoxicated cells. 
Therefore, we predicted that multiple loop substitution mutations, which include 
L(-8) and L(-7), will yield a significant reduction in VacA cellular activity. To 
validate this prediction experimentally, we measured the capacity of each mutant 
form of VacA to induce cellular vacuolation as described above. Consistent with 
our prediction, the data showed visibly and graphically ~40% of reductions in the 
number of cells with visible intracellular vacuoles within monolayers that had 
been incubated with mutant forms of VacA compared to the wildtype (each at 
500 nM) (Fig. 2.11A&B). Interestingly, compared to the single loop substitution 
mutations of L(-8) or L(-7), which were categorized as class 4, the group of 
mutant VacA that showed the highest attenuation in VacA cellular activity, the 
number of cells with visible intracellular vacuoles within monolayers that had 
been incubated with multiple loop substitution mutations were higher in that these 
mutant VacA could be categorized as class 3. One possible explanation of this 
difference could be that removal of several residues in L(-8) and L(-7) by 
mutations may have reduced potential non-specific interactions between the side 
chains the residues and cell surface promoting the possibility of R552, W603, 
and R647 of the mutant toxin more accessible to sphingomyelin. 
To further evaluate whether the multiple loops are involved in direct 
interactions between VacA and sphingomyelin (SM), we used the ELISA-based 
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assay described above to compare the relative binding of wildtype VacA and the 
multiple loop substitution mutant forms of VacA to SM-coated wells as described 
above. The data showed that the ELISA signals corresponding to VacA retained 
in the wells incubated with multiple loop substitution mutant VacA showed similar 
to the wells incubated with wildtype VacA with a similar sigmoidal binding curve 
on a logarithmic scale of VacA concentrations (Fig. 2.11C). These studies also 
showed that 1/EC50 values of all mutant VacA were not significantly different 
from 1/EC50 of wildtype VacA suggesting that multiple loops, L(-8), L(-7), and, 
L(-6) are not involved in VacA-SM interactions. The results were not surprising as 
the data above showed that individual loop by itself yielded similar VacA-SM 
interactions compared to the wildtype VacA, and moreover, none of these 
substituted loops contain the previously identified functional residues, R552, 
W603, and R647. 
We further evaluated the possibility of the additive/synergistic binding 
effect of the overall VacA binding to the surface of cells through interactions with 
multiple loops using flow cytometry as described above. We measured the 
fluorescent signals at various concentrations (0.35, 1, 3.5, 10, 35, 50, 100, 200, 
350 nM) of VacA and relative arithmetic MFI to the cells incubated with PBS (0 
nM VacA) were plotted to generate a total binding curve of VacA. The data 
revealed that the multiple substitution mutant VacA had non-saturating binding 
curves similar to wildtype VacA. Furthermore, similar to the single loop 
substitution mutant VacA as well as wildtype VacA, multiple loop substitution 
mutant VacA also resembled logarithmic curve up to 100 nM of VacA, and linear 
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concentrations above 50 nM, however, with ~30-40% lower amplitudes. We 
calculated Kd for wildtype VacA and each of the mutant VacA using the nonlinear 
fit, one site-total function in Prism 8.02 and for ease of analysis, and the data 
were presented as relative 1/Kd to wildtype VacA. The data showed that relative 
1/ Kd of double and triple loop substitution mutant VacA were significantly lower 
(~25 and ~30%, respectively) than relative 1/Kd of wildtype VacA (Fig. 2.11D) 





 Structure of VacA resembles a passenger domain of autotransporter, type 
Va family (Gangwer, 2007), as it has structural similarities to other 
autotransporter in this family such as Bordetella pertussis virulence factor, P.69 
pertactin (Emsley, 1996), and hemoglobin protease in pathogenic Escherichia 
coli (Otto, 2005). Proteins in this family resemble extended β-helix with several 
flexible loops connecting each β-strand (Emsley, 1996). The flexible loops have 
shown to carry functional regions as well as play roles in protein shapes, 
dynamics, and physiochemical properties as they are more exposed to the 
surface than secondary structures (Fiser, 2003). For example, the RGD motif and 
proline-rich regions are structural feathers to exhibit protein binding activity in 
P.69 pertactin (Emsley, 1996). Loops have also been shown to be important for 
protein-protein interactions (Kim ST, 1999), enzyme functions (Gunasekaran K, 
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2004),  DNA binding (Tainer JA, 1995), ligand binding (Saraste M, 1990), and 
signaling cascade (Bernstein LS, 2004). Our loop substitution mutation data also 
suggested a possible role of the loops in that loops affect the toxin cellular 
activity and cell binding. In addition, based on the unpublished work from our 
laboratory, the three functional residues, R552, W603, and R647, are each 
situated in the flexible loops of VacA in close proximity to each other creating 
sphingomyelin (SM) binding region of VacA (Oh SJ, unpublished). These 
residues have shown to be important for VacA cellular and binding activities to 
sphingomyelin (Oh SJ, unpublished).  
Among the nine loops we evaluated, most amino-terminal loops within the 
p55 fragment of VacA, L(-8) and L(-7), were important for VacA cellular activity in 
that removal of potential interactions via side chains of residues within these 
loops resulted in almost complete loss of vacuole biogenesis. Our result was in 
agreement with the previous studies on the effect of truncations in β-stands of 
the p55 fragment of VacA in that residues 433-461, which includes a part of L(-7) 
and entire L(-6), were shown to be important for vacuole biogenesis (Ivie, 2010). 
In addition, consistent with our data, the deletion of residues 484-504, which is 
close to L(-5) and includes entire L(-4), had no effect on VacA vacuole 
biogenesis (Ivie, 2010). Our data showed that loop substitution mutation in L(0) 
or L(+2) yielded no VacA secretion. Similarly, the previous study showed that 
deletions of residues 508-607, which includes entire L(0), resulted in a defect in 
VacA secretion. Structurally, L(0) and L(+2) are positioned to the globular 
autotransporter passenger domain at the carboxyl-terminus of the p55 fragment; 
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therefore, we suspect that L(0) and L(+2) may be important for VacA secretion. A 
similar phenomenon was also observed in the study of Bordetella pertussis 
autotransporter BrkA in that a region near carboxyl-terminus of the passenger 
domain of the protein was shown to be important for the protein folding (Oliver 
DC, 2003).  
The previous finding showed that VacA cellular binding is complex in that 
there are specific component and non-specific component (Gupta, 2010, Gupta, 
2008, Kuo and Wang, 2003). Previous studies also showed that SM constitutes 
specific component (Oh SJ, unpublished; (Gupta, 2010, Gupta, 2008) and 
binding to SM is required for VacA uptake into cells and VacA induced vacuole 
biogenesis (Gupta, 2010, Gupta, 2008). Our loop substitution mutation studies 
suggest that non-specific interactions of VacA are also important for VacA 
cellular activity. This was especially true with the loop substitution mutation in L(-
8) or L(-7) that resulted in high attenuations in vacuole biogenesis but without 
affecting VacA binding to SM. Although the exact role of the non-specific 
interactions of VacA is not clear, combining with our molecular dynamic 
simulation analysis, it is possible that these loops may play a role in stabilizing 
VacA binding to the cell surface by providing avidity through multiple interactions 
with the plasma membrane. Based on the structural observation of p55 fragment 
of VacA, we can speculate that compared to residues in the rigid β-helix 
backbone, residues in the flexible loops are exposed more to the surface of the 
toxin, and therefore more accessible in VacA-cell surface interactions. Therefore, 
although potential side-chain interactions are removed within 1-3 loops, there are 
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several other loops along the same ridge of the toxin that still can provide overall 
toxin binding energy. Based on our experimental and molecular dynamics 
simulation data, our model is that the functional residues of VacA, R552, W603, 
and R647, positions VacA on the surface of the cells by correctly orienting the 
toxin to SM within lipid raft, then the flexible loops bind to the surface of cells like 
a Velcro (hook-and-loop fastener) and provide greater binding energy to stabilize 
toxin binding. Whether these loops interact with lipid raft, non-lipid raft or both 
has not been tested; however, we speculate that as long as the toxin is anchored 
to SM with correct orientation via R552, W603, and R647, residues within the 
loops can provide potential interactions with the plasma membrane leading to 
VacA-induced vacuole biogenesis.  
Alternatively, L(-8) and L(-7) are may be important for binding to other 
receptors of VacA. Previous cross-linking studies have reported that there are 
three protein receptors that interact with VacA on the surface of AZ-521 cells; 
receptor protein tyrosine phosphatase α (RPTP- α), receptor protein tyrosine 
phosphatase β (RPTP-β), and low-density lipoprotein receptor-related protein 
(LRP1) (Yahiro K, 1999, Yahiro K, 2003, Yahiro K, 2012). These receptors were 
shown to be important for VacA cellular activity and direct interactions with VacA 
(Yahiro K, 1999, Yahiro K, 2003, Yahiro K, 2012). However, the previous studies 
did not evaluate the importance of these protein receptors for VacA cellular 
binding activity. Sphingomyelin is the only receptor that has been shown to be 
important for VacA association with lipid rafts on the surface of cells (Gupta, 
2010, Gupta, 2008). Previous studies showed that clustering of VacA to lipid raft 
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is medicated by VacA binding to RPTP- β Nakayama, 2006). The study showed 
that after binding to RPTP- β on non-lipid rafts on the surface of cells, VacA-
RPTP- β complex were localized to lipid raft (Nakayama, 2006). If L(-8) and L(-7) 
are important for VacA- RPTP- β interactions on non-lipid raft, then it is possible 
that mutations in L(-8) and/or L(-7) may have blocked RPTP- β -mediated 
clustering of VacA on lipid raft, thereby decreasing the toxin cellular activity.  
Previous studies showed that the formation of the membrane channel by 
VacA is required for VacA cellular activity (Szabo I, 1999). Although whether the 
channel formation activity by the mutant forms of VacA was not tested, based on 
the previous studies, it is less likely that the loop substitution mutant VacA are 
deficient in channel formation. It has been shown in several studies that p33 
domain of VacA is responsible for the formation of the channel (Szabo I, 1999, 
McClain, 2003, Domanska G, 2010). A most recent study revealed an interesting 
model that VacA amino-terminal region (residues 27-44) to swing out and joins 
with residues 6-27, which are important form channel formation (McClain, 2003), 
to form a helix bundle within the membrane shown in Fig. 2.12 (Zhang, 2019). In 
addition, a tryptophan-rich region within p33 may be important for toxin binding to 
the plasma membrane (Zhang, 2019).  
Studies also showed that membrane-bound VacA mainly assembles into 
hexamers, and dodecamer and tetradecamers of VacA are only found in solution 
possibly due to hydrophobic interactions between two hexamers and/or 
heptamers (Pyburn TM, 2016). Taken together, it is tempting to believe an idea 
that upon intoxication, VacA binds specifically to SM via the three functional 
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residues as well as binds non-specifically to other protein receptors followed by 
localization to lipid raft, and these interactions with cell surface in overall may be 
stabilized by binding energies from multiple interactions with flexible loops of 
VacA. Clustering of VacA on lipid raft may then trigger the formation of 
membrane channel by assembling into a hexamer. In solution, where there is no 
plasma membrane, multiple interactions of loops may provide binding energies to 
assemble dodecamers and tetradecamers forms of VacA.  
 In the study of the effect of loop substitution mutation in L(0)-SGGSG on 
VacA cellular activity, our data suggested that L(0) may not be important for the 
toxin cellular activity. This result was surprising because based on the previous 
study, when W603, located in L(0), is changed to alanine, VacA W603A showed 
~50% reduction in toxin cellular activity (Oh SJ, unpublished). Since the entire 
L(0) is substituted to SGGSG in our study, we expected the attenuated toxin 
cellular activity for VacA L(0)-SGGSG. One possible explanation of this 
phenomenon is based on the previous study of the possible reversion of the 
recombinant toxoid for diphtheria toxin, which showed that the deletion of the 
active site, glutamic acid-148, of the diphtheria toxin along with other amino acids 
nearby showed restored toxin activity, and it was suggested that another 
glutamic acid present in close proximity may have compensated for the deleted 
active site (Killeen KP, 1992). Similarly, it is possible that substitution in L(0) may 
be compensated by the presence of W577, which is located in L(-1); therefore 
the mutation in L(0) may have similar toxin cellular activity to wildtype. Based on 
the molecular dynamic simulation and structural analysis, W577, which is in close 
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proximity to W603 (~3.3-5.5 angstroms at one fixed position of VacA) (Fig. 2.5.2), 
was predicted to interact with the lipid layer along with W603 (Fig. 2.4.11A), as 
well as the possibility of stacking interactions between the two indole rings. 
Although the previous study of effect of the mutation in W577 to alanine 
suggested that W577 may not be important for the toxin cellular activity, it is 
possible that when the entire loop that contains W603 is substituted to SGGSG, 
the toxin may still interact with sphingomyelin through W577 resulting in to 
vacuole biogenesis similar to the wildtype. Further studies on the relationship 
between L(-1) and L(0), as well as W577 and W603, will be needed to confirm 

























                                                                            
                         
                                       
Figure 2.1. The computational simulation predicted that the entire wedge of 
VacA is interacting with sphingomyelin (SM), possibly with the cell surface. 
(A) Crystal structure of the p55 fragment of VacA (residues 355-811). 





Figure 2.1. (cont.) 
 
structure, and each subdomain is colored in red, orange, yellow, purple, blue, 
and green. R552, W603, and R647 in cyan are previous identified functional 
residues (B) p55 fragment of VacA consists of β-solenoid structure (yellow) 
connected by different lengths of loops (green) and globular domain with a 
mixture of α and β structures (red). Black arrows point to flexible loops named as 
Loop (-8) – Loop (+2). Previously identified functional residues, R552, W603, 
R647 (magenta), are located in Loop (-2), Loop (0), Loop (+2), respectively. p55 
fragment of VacA is rotated 90⁰C counterclockwise to show the wedge-like shape 
of the toxin with flexible loops. The possible cell surface interactions sites of 
VacA are predicted to be regions mainly consists of flexible loops. PDB file of 
p55 subunit (2QV3) was downloaded from protein data bank and visualized using 





























Figure 2.2. Computational simulation of VacA-plasma membrane 
interaction using a highly mobile membrane-mimetic (HMMM) model 
suggests one time-dependent scenario, which VacA interacts and becomes 
anchored onto the membrane by a mechanism involving arginine 552 (Arg-
552), tryptophan 603 (Trp-603), and arginine (Arg-647). VacA (residues 355 - 
811; PDB: 2QV3), after solvation and ionization, was added to a highly mobile 
membrane-mimetic (HMMM) model, which was constructed by placing two 
leaflets of divaleryl-phosphatidylcholine (DVPC). VacA is initially placed where its 
center of mass (COM) is positioned 20 - 28 Å above the phosphorus plane of the 
leaflet that faces VacA, without contacting the model membrane. The VacA-
membrane systems consisted of a rectangular cube with dimensions of 65 Å x 65 
Å X 72 Å. The systems were energy-minimized for initial 50 ps and simulated for 
375 ns using NAMD2, utilizing the CHARMM27 force field with CMAP corrections 
for proteins and CHARMM36 parameters for lipids. Three independent 
simulations were performed (n =3), and one successful membrane-binding 
simulation is represented here. The other two simulations were not further 
pursued after 375 ns simulation due to the computationally expensive simulation 
time. All the HMMM simulations were performed in NPnAT ensembles at 1.0 atm 
and 310 K and with a time step of 2 fs. Constant pressure was maintained by 
using the Nosé-Hoover Langevin piston method, and the constant temperature 





Figure 2.2. (cont.) 
 
applied to all atoms. The one successful simulation was analyzed and visualized 
using VMD. (A) Snapshots were taken at five different times (t = 0, 100, 200, 250,  
and 310 ns) from the 375 ns HMMM simulation of VacA, representing membrane 
anchoring and insertion observed in the simulation. The side chain of Arg-552 is 
represented in blue color, Trp-603 in red, Arg-647 in black, Trp-577 in green, and 
Arg-460 in pink. The phospholipids in stick representation indicate the 
phospholipids within the distance of 2 Å towards the five color-indicated VacA 
residues. (B) To monitor the membrane insertion of VacA during the 375 ns 
HMMM simulation of VacA, the position of the five individual VacA residues (Arg-
552 represented in blue color, Trp-603 in red, Arg-647 in black, Trp-577 in green, 
and Arg-460 in pink) with respect to the model membrane was characterized by 
the height (depth of interaction) along the membrane normal (z-axis) of the 
center of mass (COM) of the side chains of the five VacA residues. Membrane 
insertion was assumed when the COM of the side chains of the five VacA 
residues was located around or below the average position of the phosphorus 
atoms of the lipid head groups, drawn as a brown line. The average position of 























































































646 VRGGKVAT 653 647 -GGG---- 653 R647* 
* Residues were previously identified to be important for VacA cellular activity, VacA-SM interactions, and 
VacA-cell surface binding activity (Oh SJ, unpublished) 
 
 
Table 2.2. Helicobacter pylori strains used in this study 
 
 
Strains Description Reference 
60190 Wildtype H. pylori containing s1/m1 vacA gene TL Cover et al. 1992 JBC 
vm022 vacA gene deletion mutant of 60190 










Table 2.3. Primers used in this study 
 
 







































































































1 Primers were ordered from Integrated DNA Technologies, Inc. (https://www.idtdna.com, Coralville, IA). 
2 Underlined and bolded DNA sequences were the mutagenized sequences to obtain the substitution mutations. 






Table 2.4. Plasmids used to generate H. pylori vm022 strains expressing 
mutant forms of VacA 
 
 
Plasmid Description Reference 
pHEL2 E. coli and H. pylori shuttle vector D. Heuermann and R. Haas 
1998 Mol. Gen, Genet. 
pHEL2-vacA E. coli and H. pylori shuttle vector with vacA gene This study 
pHEL2-vacA-L(-8)-GGG Whole loop substitution in loop (-8) with gly-gly-gly  This study 
pHEL2-vacA-L(-7)-GGG Whole loop substitution in loop (-7) with gly-gly-gly This study 
pHEL2-vacA-L(-6)-GGG Whole loop substitution in loop (-6) with gly-gly-gly This study 
pHEL2-vacA-L(-5)-GGG Whole loop substitution in loop (-5) with gly-gly-gly This study 
pHEL2-vacA-L(-4)-GGG Whole loop substitution in loop (-4) with gly-gly-gly This study 
pHEL2-vacA-L(-3)-GGG Whole loop substitution in loop (-3) with gly-gly-gly This study 
pHEL2-vacA-L(-2)-GGG Whole loop substitution in loop (-2) with gly-gly-gly This study 
pHEL2-vacA-L(-1)-GGG Whole loop substitution in loop (-1) with gly-gly-gly This study 
pHEL2-vacA-L(0)-GGSG Whole loop substitution in loop (0) with gly-gly-
ser-gly 
This study 
pHEL2-vacA-L(0)-SGGSG Whole loop substitution in loop (0) with ser-gly-
gly-ser-gly 
This study 
pHEL2-vacA-L(+1)-GGG Whole loop substitution in loop (+1) with gly-gly-
gly 
This study 





Substitution of gly-gly-ser in loop (-2) except R552 This study 
pHEL2-vacA-R552/W603/R647 
retained-L(0)-GGS 
Substitution of gly-gly-ser in loop (0) except W603 This study 
pHEL2-vacA-R552/W603/R647 
retained-L(+2)-GGS 
Substitution of gly-gly-ser in loop (+2) except 
R647 
This study 
pHEL2-vacA-R460A Substitution of alanine to R460 to generate VacA 
(R460A) 
This study 
pHEL2-vacA-F461A Substitution of alanine to F461 to generate VacA 
(F461A) 
This study 
pHEL2-vacA-F483A Substitution of alanine to F483 to generate VacA 
(F483A) 
This study 
pHEL2-vacA-E600A Substitution of alanine to E600 to generate VacA 
(E600A) 
This study 
pHEL2-vacA-L(-8)/L(-7)-GGG Whole loop substitutions in loops (-8) and (-7) and 
closing with gly-gly-gly 
This study 
pHEL2-vacA-L(-8)/L(-7)/(-6)-GGG Whole loop substitutions in loops (-8), (-7) and (-




Whole loop substitutions in loop (-7) with gly-gly-





Whole loop substitutions in loop (-8) with gly-gly-





Whole loop substitutions in loops (-8) and (-7) with 
gly-gly-gly, and substitutions on R552, W603, and 










Figure 2.3.  
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Figure 2.3. Quality control of mutant forms of VacA compared to the 
wildtype. (A) Evaluation of mutant VacA for purity. SDS-PAGE gel (10 %) of 
purified toxin, either wildtype VacA or mutant VacA (1000 – 4000 nM) stained 
with Coomassie brilliant blue (B) Evaluation of mutant VacA for the sensitivity to 
anti-VacA antibody. The purified toxin, either wildtype VacA or mutant VacA 
(1000 - 4000 nM), were immunostained using rabbit anti-VacA antibody 
(1:100,000), and secondary antibody, anti-rabbit IgG conjugated with HRP 
(1:10,000). (C) Evaluation of wildtype VacA and mutant VacA for structural 
perturbations by comparing trypsin sensitivity relative to wildtype VacA. The 
purified toxin, either wildtype VacA (1 μM) or mutant VacA (1 μM), was incubated 
at room temperature without or with trypsin (0.1, 1, 10 nM). After 1 h, the trypsin 





Figure 2.3. (cont.) 
 
and heating at 100 ˚C for 10 min. The trypsin sensitivity profiles of the toxins 
were analyzed by immunoblot analysis using rabbit anti-VacA antibody 
(1:100,000), and secondary antibody, anti-rabbit IgG conjugated with HRP 
(1:10,000). (D) Evaluation of mutant VacA for higher-ordered structure formation 
by glycerol gradient sedimentation relative to wildtype VacA. The purified toxin, 
either wildtype VacA (1 μM) or mutant forms of VacA (1 μM), at pH 7.5 or pH 3, 
was loaded and fractionated at 4 ˚C by glycerol gradient density centrifugation (0 
- 40%). After 16 h, six fractions were collected from the top (0%) to the bottom 
(40%) of the gradient. Collected fractions were analyzed by immunoblot analysis 
using anti-VacA antibody (1:100,000) and secondary antibody, anti-rabbit IgG 
conjugated with HRP (1:10,000) to examine the presence of VacA in each 
fraction. High-molecular-mass forms of VacA were detected in higher density 
fractions, while low-molecular-mass forms of VacA were detected in lower 



















































Figure 2.4. (cont.) 
 
Figure 2.4. Screening of individual loops revealed significant decrease in 
toxin biological activity. AZ-521 cells were incubated in the absence or 
presence (1, 10, 35, 100, 250 nM) of wildtype VacA or one of the mutant forms of 
VacA at 37 °C. After 16 h, relative vacuolation was (A) imaged using phase 
contrast light microscopy (shown 250 nM) (B) measured by neutral red uptake 
normalized to total protein concentration to account for cell density in each well 
and relativized to cells without VacA to represent fold difference. The data were 
combined from three independent experiments (n = 3), each performed with 
three technical replicates. The data were rendered as a bar graph using Prism 
8.0. (B) Vac50, the concentration of VacA that induces vacuolations in 50% of 
total cell populations were calculated using nonlinear-fit IC50 calculation function 
in Prism 8.0. (C) The data were rendered as a bar graph of 1 / Vac50. Red 
arrows point to the location of the loops on the crystal structure of the p55 
fragment of VacA. R552, W603, and R647 are colored in magenta. Error bars 
indicate standard deviations. Statistical significance (α = 0.05) was calculated for 
the differences in relative 1 / Vac50 of VacA mutants against that of wildtype 
























Figure 2.5. Evaluation of the effect of loop substitution mutation in L(0) with 
SGGSG linker. AZ-521 cells were incubated in the absence or presence (1, 10, 
35, 100, 250 nM) of wildtype VacA or VacA L(0)-SGGSG at 37 °C. After 16 h, 
relative vacuolation was measured by neutral red uptake normalized to total 
protein concentration to account for cell density in each well and relativized to 
cells without VacA to represent fold difference. The data were rendered as a bar 
graph using Prism 8.0. The data were combined from three independent 
experiments (n = 3), each performed with three technical replicates. Error bars 
indicate standard deviations. Statistical significance (α = 0.05) was calculated for 
the differences in relative vacuolation activity of VacA mutants against that of 
wildtype VacA using one-way ANOVA. P-values less than 0.05 indicate statistical 





















Figure 2.6. Interspersing loops (0) or (+2) with GGS while retaining R552, 
W603, and R647 in VacA does not affect the toxin biological activity. AZ-521 
cells were incubated in the absence or presence (0-250nM) of wildtype VacA or 
one of the mutant forms of VacA at 37°C. After 16 h, relative vacuolation was 
measured by neutral red uptake normalized to total protein concentration to 
account for cell density in each well and relativized to cells without VacA to 
represent fold difference. The data were combined from three independent 
experiments (n = 3), each performed with three technical replicates. The data 
were rendered as a bar graph using Prism 7.04. Error bars indicate standard 
deviations. Statistical significance (α = 0.05) was calculated for the differences in 
relative vacuolation activity of VacA mutants against that of wildtype VacA at 
different concentrations using one-way ANOVA P-values less than 0.05 indicate 
statistical significance. n.s. = not significant. 


































Figure 2.7. (cont.) 
 
Figure 2.7. Single alanine substitution mutation analysis shows that R460 
is important for VacA cellular activity (A) Computational simulation of VacA-
plasma membrane interaction using a highly mobile membrane-mimetic (HMMM) 
model. VacA (residues 355 - 811; PDB: 2QV3), after solvation and ionization, 
was added to a highly mobile membrane-mimetic (HMMM) model, which was 
constructed by placing two leaflets of palmitoyl-sphingomyelin (PSM). The 
simulation was continued from 390 ns of interaction time from the above 
simulation to 760 ns using Gaussian accelerated molecular dynamics with the 
system size of 161,000 atoms. Snapshots were taken at three different times (t = 
390, 575, and 760 ns). The red arrow represents loops, and the residues 
predicted to interact with the lipid layer are shown in stick residues. (B) 
Snapshots of the simulation taken at 437 ns and 655 ns. Inset images show the 
predicted interactions (magenta) between E600 and R647, and E600 and R552. 
(C) AZ-521 cells were incubated in the absence or presence (0-250nM) of 
wildtype VacA or one of the mutant forms of VacA at 37°C. After 16 h, relative 
vacuolation was measured by neutral red uptake normalized to total protein 
concentration to account for cell density in each well and relativized to cells 
without VacA to represent fold difference. The data were combined from 2-3 
independent experiments, each performed with three technical replicates. The 
data were rendered as a bar graph using Prism 7.04. Error bars indicate 
standard deviations. Statistical significance (α = 0.05) was calculated for the 
differences in relative vacuolation activity of VacA mutants against that of 
wildtype VacA at different concentrations using one-way ANOVA P-values less 



























Figure 2.8. Individual loop substitution mutations in VacA did not affect the 
VacA-SM direct interactions compared to wildtype VacA. (A) Individual wells 
in 96-well Immulon 1B microtiter plates that had been coated with 500 pmol SM, 
were incubated at 4 ⁰C in the absence or presence of wild type VacA (0.25, 1, 
2.5, 5, 10, 25, 40 nM), or each of the six mutant VacA (0.25, 1, 2.5, 5, 10, 25, 40 
nM) (VacA L(-8) is shown). After 16 h, unbound toxins were washed, and VacA 
retained within the wells was quantified using VacA antibodies (1:100,000) 
followed by goat anti-rabbit IgG-HRP conjugated antibodies (1:20,000). The 
ELISA signals were quantified using chromogenic substrate, TMB, to detect HRP 
and measuring O.D. at 450 nm. VacA binding to SM was quantified by 
subtracting the O.D. values in the wells without SM from the O.D. values in the 
wells with SM. The data were combined from 3 independent experiments, each 
performed with three technical replicates. The data were rendered as a non-
linear fit curve with logarithmic x-axis using Prism 8.0. (B). EC50, the 
concentration of VacA that yields VacA binding to 50% of total SM-coated well 
were calculated using the nonlinear-fit function in Prism 8.0. The data were 
rendered as a bar graph representing relative 1 / EC50 of mutant VacA to 1 / 
EC50 of wildtype VacA. Statistical significance (α = 0.05) was calculated for the 
differences in relative 1 / EC50 of VacA mutants against that of wildtype VacA 


















Figure 2.9. Two single loop substitution mutant VacA resulted in decreased 
cell binding activity compared to wildtype VacA. (A) Pre-chilled AZ-521 cells 
were incubated at 4 ˚C in the absence or presence of pre-chilled wild type VacA 
(0.35, 1, 3.5 10, 35, 50, 100, 200, 350 nM) or each of the six mutants VacA (0.35, 
1, 3.5 10, 35, 50, 100, 200, 350 nM) (VacA L(-8) is shown). After 30 min, the cells 
were washed with ice-cold PBS pH 7.4, fixed with paraformaldehyde, and 
incubated with VacA antibodies (1:10,000). The membrane-bound wild type 
VacA or each of the mutant forms of VacA was detected with anti-rabbit goat 
secondary antibodies conjugated with Alexa Fluor 488 (1:2,000), using flow 
cytometry. The data were combined from 3-5 independent experiments, each 
performed with single technical replicate. The data were rendered as non-linear 
fit curves using Prism 8.0. (B) Kd, dissociation constant, for wildtype VacA and 
each mutant VacA, were calculated using nonlinear-fit, one site-total function in 
Prism 8.0. The data were rendered as a bar graph representing relative 1 / Kd of 
mutant VacA to 1 / Kd of wildtype VacA. Error bars indicate standard deviations. 
Statistical significance (α = 0.05) was calculated for the differences in 1 / Kd of 
VacA mutants against that of wildtype VacA using one-way ANOVA. P-values 
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Figure 2.10. Quality control of multiple loop substitution mutant VacA 
compared to the wildtype. (A) Evaluation of multiple loop mutant VacA for 
purity. SDS-PAGE gel (10 %) of purified toxin, either wildtype VacA or mutant 
VacA (1000 – 2000 nM) stained with Coomassie brilliant blue (B) Evaluation of 
multiple loop mutant VacA for the sensitivity to anti-VacA antibody. The purified 
toxin, either wildtype VacA or mutant VacA (2000 nM), were immunostained 
using rabbit anti-VacA antibody (1:100,000), and secondary antibody, anti-rabbit 
IgG conjugated with HRP (1:10,000). (C) Evaluation of multiple loop mutant VacA 
for structural perturbations by comparing trypsin sensitivity relative to wildtype 
VacA. The purified toxin, either wildtype VacA (1 μM) or mutant VacA (1 μM), 
was incubated at room temperature without or with trypsin (0.1, 1, 10 nM). After 1 
h, the trypsin digestion was stopped by addition of SDS-PAGE sample buffer 
containing β-ME and heating at 100 ˚C for 10 min. The trypsin sensitivity profiles 
of the toxins were analyzed by immunoblot analysis using rabbit anti-VacA 
antibody (1:100,000), and secondary antibody, anti-rabbit IgG conjugated with 
HRP (1:10,000). (D) Evaluation of mutant VacA for higher-ordered structure 
formation by glycerol gradient sedimentation relative to wildtype VacA. The 
purified toxin, either wildtype VacA (1 μM) or mutant forms of VacA (1 μM), at pH 
7.5 or pH 3, was loaded and fractionated at 4 ˚C by glycerol gradient density 
centrifugation (0 - 40%). After 16 h, six fractions were collected from the top (0%) 
to the bottom (40%) of the gradient. Collected fractions were analyzed by 
immunoblot analysis using anti-VacA antibody (1:100,000) and secondary 
antibody, anti-rabbit IgG conjugated with HRP (1:10,000) to examine the 
presence of VacA in each fraction. High-molecular-mass forms of VacA were 
detected in higher density fractions, while low-molecular-mass forms of VacA 
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Figure 2.11. (cont.) 
 
Figure 2.11. Multiple loops may be important for VacA cellular activity and 
VacA binding to the cell surface, but important for VacA-SM direct 
interactions.  AZ-521 cells were incubated in the absence or presence (35, 100, 
250, 500, 1000, 1500 nM) of wildtype VacA or each of mutant VacA at 37 °C. 
After 16 h, relative vacuolation was (A) visualized using biphasic light microscopy 
(shown 500 nM), and (B) measured by neutral red uptake normalized to total 
protein concentration to account for cell density in each well and relativized to 
cells without VacA to represent fold difference. The data were combined from two 
technical replicates. The data were rendered as a bar graph using Prism 8.0. 
Error bars indicate standard deviations. Statistical significance (α = 0.05) was 
calculated for the differences in relative amount of neutral red uptake relativized 
to total protein concentration to account for cell density of VacA mutants, and 
wildtype VacA against that of PBS-mock treated cells (0 nM) using one-way 
ANOVA. P-values less than 0.05 indicate statistical significance. (B) Individual 
wells in 96-well Immulon 1B microtiter plates that had been coated with 500 pmol 
SM, were incubated at 4 ⁰C in the absence or presence of wild type VacA (0.25, 
1, 2.5, 5, 10, 25, 40 nM), or each of the mutant VacA (0.25, 1, 2.5, 5, 10, 25, 40 
nM). After 16 h, unbound toxins were washed, and VacA retained within the wells 
was quantified using anti-VacA antibodies (1:100,000) followed by goat anti-
rabbit IgG-HRP conjugated antibodies (1:20,000). The ELISA signals were 
quantified using chromogenic substrate, TMB, to detect HRP and measuring 
O.D. at 450 nm. Vac binding to SM was quantified by subtracting the O.D. values 
in the wells without SM from the O.D. values in the wells with SM. The data were 
combined from 3 independent experiments, each performed with three technical 
replicates. EC50, the concentration of VacA that yields VacA binding to 50% of 
total SM-coated well were calculated using the nonlinear-fit function in Prism 8.0. 
Statistical significance (α = 0.05) was calculated for the differences in relative 1 / 
EC50 of VacA mutants against that of wildtype VacA using one-way ANOVA. P-
values less than 0.05 indicate statistical significance. (C) Pre-chilled AZ-521 cells 
were incubated at 4 ˚C in the absence or presence of pre-chilled wild type VacA 
(0.35, 1, 3.5 10, 35, 50, 100, 200, 350 nM) or each of mutants VacA (0.35, 1, 3.5 
10, 35, 50, 100, 200, 350 nM). After 30 min, the cells were washed with ice-cold 
PBS pH 7.4, fixed with paraformaldehyde, and incubated with VacA antibodies 
(1:10,000). The membrane-bound wild type VacA or each of the mutant forms of 
VacA was detected with Alexa Fluor 488-conjugated goat, anti-rabbit secondary 
antibodies (1:2,000) using flow cytometry. The data were combined from 3-4 
independent experiments, each performed with single technical replicates. Kd, 
dissociation constant, for wildtype VacA and each mutant VacA were calculated 
using nonlinear-fit, one site-total function in Prism 8.0. (D) The data were 
rendered as a bar graph to represent relative 1/ Kd of mutant VacA to 1/ Kd of 
wildtype VacA using Prism 8.0. Error bars indicate standard deviations. Statistical 
significance (α = 0.05) was calculated for the differences in relative 1 / Kd of VacA 
mutants against that of wildtype VacA using one-way ANOVA. P-values less than 





Figure 2.12. A proposed model of VacA insertion into the membrane to 
form a membrane channel. Helix 30-37 (residues 27-44) in red swings to form a 
helix bundle with Helix 6-27. Tryptophan-rich region in blue may be important for 











Figure 2.13. W577 and W603 of VacA are located close proximity to each 
other. p55 fragment of VacA (green) was visualized in PyMol molecular viewer 
program. W577 and W603 (magenta) are located in L(-1) and L(0), respectively. 
The distances between the indole rings were measured are ~3.3 – 5.5 Å (yellow 































 In my master’s degree thesis, the overall goal to understand the molecular 
basis of VacA and its interactions with surface of the host cells as well as direct 
interactions with cell surface membrane receptor, sphingomyelin required for 
VacA cellular activity. We demonstrated that several flexible loops along the 
ridge of β-helix of the p55 fragment of VacA are important for VacA cellular 
activity. Among nine loops we tested in this region, two loops, L(-8) and L(-7), 
which are situated at the amino-terminus of p55 fragment of VacA and farther 
away from previously identified functional residues, R552, W603, and R647, 
which are proximal to the C-terminus of p55 fragment of VacA, were critical for 
VacA cellular activity. Four loops, L(-6), L(-3), L(-2), and L(-1), located in the 
middle of the p55 fragment of VacA were moderately important, and three, 
relatively short loops were shown to be not important for VacA cellular activity.  
Our molecular dynamic simulation analysis and single loop substitution 
mutation analysis suggested that while shorter loops might not interact with lipid 
layer, longer loops can be inserted into the lipid layer through non-polar residues, 
aromatic residues, and charged residues in that there is the large surface area of 
VacA is involved in the toxin cell surface interactions. Studies on the importance 
of these loops on VacA binding to the surface of cells suggested that a few of 
these loops, single, double, or triple, may contribute to the overall VacA cellular 
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binding activity. Single substitution of L(-8) or L(-2) was shown to affect VacA 
binding to the cell surface moderately in that approximately half of the mutant 
VacA could still be bound on the plasma membrane. Moreover, in the study of 
the effect of multiple loop substitution mutations in VacA, our data suggested that 
removing up to three loops have moderately affected the overall VacA cellular 
binding affinity possibly by moderately lowering avidity. Although potential 
interactions between side chains of residues within three loops were removed, 
eight other loops may still interact with the plasma membrane suggesting flexible 
loops along the ridge of VacA may function to stabilize the overall toxin binding 
on the plasma membrane.  
We also demonstrated that the residues within these loops are not 
required for direct interaction between VacA and the receptor, sphingomyelin, 
further suggesting that the flexible loops interact with sphingomyelin non-
specifically. While the question of whether R460 is important for VacA binding to 
sphingomyelin or surface of cells remains unanswered, we identified R460 to be 
important for VacA cellular activity.  
In summary, studies in this thesis support a model that the large interface 
of VacA is important, and that there is not necessarily a very high affinity, but 
there is high avidity from multiple interactions between flexible loops and the 






3.2 Future directions 
 
 VacA is an intracellular exotoxin, and therefore, VacA binding to the cell 
surface receptors is required to reach its intracellular target. In this study, we 
showed that several flexible loops within the p55 fragment of VacA interacts with 
the surface of cells in a sphingomyelin-independent manner, but important for 
VacA cellular activity. However, this study did not address the exact role of the 
sphingomyelin-independent interactions of VacA cell surface binding required for 
the toxin activity. Therefore, the future works to evaluate the detailed molecular 
mechanism of loop interactions with the cell surface and identification of the 
exact VacA binding site of the sphingomyelin-independent interactions can 
provide a basis for the development of inhibitors against VacA. 
 In an attempt to generate mutant forms of VacA that can no longer interact 
with the plasma membrane, we substituted previously identified sphingomyelin 
binding residues, R552, W603, and R647, to alanine, and substituted L(-8) 
and/or L(-7) with tri-glycine linkers, and named as VacA (L(-8)-GGG-
R552A/W603A/R647A), VacA (L(-7)-GGG-R552A/W603A/R647A), and VacA (L(-
8)/(-7)-GGG-R552A/W603A/R647A). Our preliminary data showed that the 
mutant forms of VacA induced minimal vacuole biogenesis (at least 100-fold 
reduction) compared to wildtype VacA at 2000 nM (Fig. 3.1) suggesting that the 
loops and the functional residues together may have an additive effect in VacA 
cellular activity. However, although the mutant VacA had high attenuation in 
vacuole biogenesis, intracellular vacuoles were still visible in intoxicated cells 
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suggesting that the mutant VacA could bound on the cells. One possible 
explanation is that not all loops have been examined. In this study, our main 
focus was the p55 fragment of VacA. Based on the low-resolution electron 
microscopy study, which showed more loops in the p33 fragment of VacA that 
might be possible to interact with VacA (Fig. 3.2) (Gonzalez-Rivera, 2016). 
Therefore, the future works to evaluate the involvement of these loops in p33 
fragments will provide a complete understanding of VacA cellular binding 
required for the toxin cellular activity.  
 Although all H. pylori strains carry VacA gene, the activity of VacA is 
highly varied due to sequence variation (Atherton, 1997b, Forsyth MH, 1998) in 
vacA alleles. In this study, we have used H. pylori strain 60190, which carries a 
more toxic form of vacA, s1m1 and highly associated with a higher risk of gastric 
adenocarcinoma (Atherton, 1997b, Forsyth MH, 1998). However, based on the 
sequence alignment of m1 and m2, the sequence variances are observed in 
flexible loops, while the sequences in the β-helix region are more conserved 
(Gangwer, 2007). Although it is not addressed in detail in this study, our 
preliminary data showed that when residues in L(-2), L(0), and L(+2) from s1m1 
were swapped into s1m2, we observed increased vacuole biogenesis of the 
mutant VacA compared to the wildtype, s1m1 (Fig. 3.3). The future works to 
evaluate further effects of loop swapping between alleles, as well as loop 
substitution mutations in an animal model, can extend our understanding the 
molecular details of vacA allele polymorphism in H. pylori infection and clinical 












Figure 3.1. Combination of loop substitution mutation and single residue 
alanine substitutions in VacA showed high attenuation in VacA cellular 




Figure 3.1. (cont.) 
 
250, 500, and 1000 nM) of wildtype VacA or each of mutant VacA at 37 °C. After 
16 h, relative vacuolation was (A) visualized using light microscopy (shown 1000 
nM), and (B) measured by neutral red uptake normalized to total protein 
concentration to account for cell density in each well and relativized to cells 
without VacA to represent fold difference. The data were combined from two 
technical replicates. The data were rendered as a bar graph using Prism 8.0. 
Error bars indicate standard deviations. Statistical significance (α = 0.05) was 
calculated for the differences in relative amount of neutral red uptake relativized 
to total protein concentration to account for cell density of VacA mutants, and 
wildtype VacA against that of PBS-mock treated cells (0 nM) using one-way 





































Figure 3.2. Low-resolution structure of p33 predicted additional loops along 
the ridge of VacA. Amino acid sequences of wildtype VacA (bottom) or VacA L(-
8)/(-7)/(-6)-GGG (top)  were analyzed using swiss-prot modeling program 
(Biozentrum, University of Basel, The Center for Molecular Life Science, 
https://swissmodel.expasy.org/interactive) to build model structures (blue). The 
models were combined with the low-resolution image of the p33 domain of VacA 








Figure 3.3. Swapping of loops from m1 allele to m2 increased the cellular 
activity of chimeric s1m2 VacA. AZ-521 cells were incubated in the absence or 
presence (1, 10, 35, 100, and 250 nM) of wildtype VacA or each of mutant VacA 
at 37 °C. After 16 h, relative vacuolation was measured by neutral red uptake 
normalized to total protein concentration to account for cell density in each well 
and relativized to cells without VacA to represent fold difference. The data were 
combined 1-3 independent studies each performed with three technical 
replicates. The data were rendered as a bar graph using Prism 8.0. Error bars 
indicate standard deviations. Statistical significance (α = 0.05) was calculated for 
the differences in relative amount of neutral red uptake relativized to total protein 
concentration to account for cell density of VacA mutants, and wildtype VacA 
against that of PBS-mock treated cells (0 nM) using one-way ANOVA. P-values 
less than 0.05 indicate statistical significance. n.s. = not significant. The data is 
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